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In studying the carburization behaviour of high temperature alloys,
carburization tests in heavy carburizing environment were undertaken on
several potential candidate alloys for uses in HIR system. The alloys
tested were R 4286 developed by ERANS (Engineering Research Association of
Nuclear Steel-making) programme, Ni-18.5 % Cr-21.5 % W as identified F
alloy, Hastelloy XR and Hastelloy XR~II, and the test enﬁironment con-—
ditions employed were (Ar + 10 % CHy) gas at 800, 8530, 900 and 950 °C for
up to :i00 hours.

It is shown that when no protective surface oxide layer is formed, the
carburization kinetics follows a parabolic rate law, and the alloying
additions of Al and Ti have a beneficial effect in dry environment {very
low oxidizing) on the carburization resistance due to the formation of
Al-Ti-based oxide and without formation of Cr-based oxlide. In the compar—
ison of the carburization resistance of the alloys tested, R 4286
containing 2 % Al and 2.5 % Ti exhibits the best resistance due to the
formation of the protective Al-Ti-based oxide and the F alloy shows a

moderate resistance, while Hastelloys XR and XR-II are found to have the

lowest resistance.

Keywords: High Temperature Alloys, ERANS Alloys, R 4286, Wi-Cr-W Alloy,
Hastelloy XR, Hastelloy XR~1IL, Carburization, HTR
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1. INTRGBUCTION

A Tot of materials tests, on the items such as creep, fatigue and corrosion
, of high temperature alloys have been carried out in the helium-based test
environments in various Tlaboratories for the qualification of those
materials in application to the process heat high temperature reactor
{HTR).

Among the effects of the gas-metal interactions expected in the HIR
environment, carburization and/or decarburization 1is supposed to have
strong influence on the mechanical properties. For the metallic materials
such as Hastelloy alloys X and Inconel 6177, carburization in most
standardized simulated HTR environments, like JAERI type B and/or German
Prototypanlage Nukleare Prozesswaerme {(PNP) helium do not cause serious
carburization prob]em1’2 except in crevices, where formation of stable
Cr-based oxide scale is hardly attained due to local depletion of oxidizing

.3
species”.

It is, however, uncertain whether the similar is always the case in the
actual environment in process heat HTRs with outiet temperature above about

350°C, where the chemical reaction rate is very high.

As for the environmental effect on mechanical properties, it has been
reported that effect of carburization on creep design parameters, such as
rupture time and time to 1% strain, has not been observedz, while heavy
carbur{zation causes significant loss of ductility in room temperature
tests4. On the other hand, decarburization has a substantial effect on the
creep behaviour. Decarburized specimens generally exhibit decreased creep

strengthS.
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In West Germany and the U.S.A. carburization which 1is one of the
environmental effects has been considered seriously, and most of the
developmental alloys have chemical composition with comparatively low Cr

and high Ti and Al contents for increased carburization resistance6’7’8.

It is quite possible that the real reactor atmosphere, especially during
normal operation, will be carburizing environment. Furthermore, if a
service environment is too dry in which Cr-based oxide can not be formed,

carburization will be a serious problem as mentioned above.

The aim of the work reported here is to investigate the carburization
behaviour of two heats of Hastelloy alloys XR, Ni-Cr-W alloy and one of the
alloys developed by the Engineering Research Association of Nuclear Steel-
making (ERANS). In the testing alloys, ERANS alloy which includes Al and
Ti 1is given a focus because this alloy is expected to show a good
carburization behaviour due to its potential of formation of Al and Ti

based-oxide even in extremely dry environment.
2. EXPERIMENTAL PROCEDURE
2.7 Materials

The chemical compositions of the alloys tested are summarized in Table 1.
The specimens were machined from the solution treated materials. The alloy
R 4286, which was one of the alloys developed by ERANS, is strengthened

mainly by l! (N13(AI,T1)) precipitation, and 1is known to exhibit good
carburization resistance in dry PNP environment due to the formation of
AT{Ti) —basedloxide sca]eg. The Ni-Cr-W alloy which is one of the second

generation alloys is strengthened by of -W precipitation, while Hastelloy

_ZH
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XR-II is a high creep strength version of Hastelloy XR due to the additions

of 40 ppm B.

Specimens for carburization test are machined in the type of hemidiscoid
of 13 mm diameter x 2 mm thickness for R 4286 and Ni-Cr-W (F) alloy, while
the specimens of the type of coupon of 5mm x 10 mm x 2 mm were used for
Héste]]y alloys XR. Prior to the test, the surface of specimens was

finished by wet abrasion paper (# 220).
2.2 Test Conditions

Carburization tests were carried out at 800, 850, 900 and 950°C for
up to 100 hours in (Ar + 10% CH4) gas. The impurities,such as HZO and 02,

in the gas were not measured.

The specimens exposed were evaluated by change 1in carbon content and
metallography. For the determination of the change in carbon content
averaged over the cross-section, bulk carbon analysis of the -specimens

after removing some surface products by wire brush was undertaken.

3,  EXPERIMENTAL RESULTS

3.1 Change in Carbon Content

The carbon uptake curves of Hastelloy XR, Hastelloy XR-II, F alloy and R
4286 at tested temperatures are summarized in Fig.s 1, 2, 3 and 4,

respectively. Figure 1 shows the results of Hastelloy XR-IT which

indicates that the carbon uptake caused by carburization increased with
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raising temperature and the increase in carbon content with time showed a
more or less parabolic relationship except the results at 800°C which
probably followed é linear rate law. The resuits of Hastelloy XR shown in
Fig.2 are mostly comparable to those of Hastelloy XR-II in Fig.1.

From Fig.3 which fs the carbon uptake curves of F alloy, it caﬁ be seen
that the increase in carbon content at 800 and 850°C followed a Tlinear
rate law, while those at 900 and 950°C followed a parabolic rate law.
For convenience, the carburization rates for R 4286 at 900 and 950°C
were assumed to follow a parabolic rate law, although the carbon uptake

curves shown in Fig.4 were not so systematic.

‘For the determination of the carburization kinetics of each alloys, the
increase in cabon content must be expressed as mass of carbon 1ncrease10
per unit surface area, mg/cmz, which was given by the following formula,
not just as carbon content,8C (%) ;

AM=4aC(WA)/00

where A M = mass of carbon increase (mg/cmz)
& C = increase in carbon content (%)
W = weight of untested specimen (mg)
A = surface area of the specimen (cmz)

The comparative data for each alloys at several temperatures are summarized
in Fig.s 5, 6 and 7. From these figures, it can be found with respect to
carburization resistance that R 4286 was thé best one, F alloy exhibited
moderate property and Hastelloy alloys XR showed the lowest resistance in
the alloys tested. Concerning the carburization resistance of Hastelloy
alloys XR , it has been reported11 that addition of B in Hastelloy XR

caused higher carbon uptake rate in JAERI type B helium. However, cantrary
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to the expectation, i.e. the carbon uptake of Hastelloy XR-II containing
40 ppm B was higher than that of Hastelloy XR, no influence of B addtion

was observed in heavy carburizing environment.

From Fig.s 5, 6 and 7 (results of R 4286 and F alloy at 850°C were assumed
to follow a parabolic rate law) except the results at 800°C, parabolic rate
constants were calculated venturously, although some data points deviated
from a parabolic rate law. The temperature dependence of carburization
rate assumed to follow parabolic rate law is shown in Fig.8. As can be
seen from this figure, the logarithm of parabolic rate constants except the
data points of R 4286 is a linear function of the reciprocal of absolute
temperature roughly and activation energies for Hastelloy alloys XR and F

alloy are 387 and 467 KJ/mol, respectively.

3.2 Analysis of Surface Product

For the identification of the surface products formed on the alloys during

exposure in the test environment, energy dispersive X-ray analysis was

undertaken. The results were as follows ;

- for Hastelloy alloys XR, at 800°C surface products were Cr-Mn-based oxide,
at 850, 900 and 950°C those were Cr-based carbide.

~ for F alloy, at 800°C surface product was Cr-Mn-based oxide, at 850°C and
900°C those were Cr-based carbide, and at 950°C there was no surface
product.

- for R 4286, at 800°C surface product was Cr-based oxide, at 850°C that
was Cr-based carbide, at 900°C that was mixed product of Cr-based carbide
and Al1-Ti-based oxide, at 950°C surface of alloy was coverad hy Al-Ti-

based oxide.
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A typical example of the results is shown in Fig.9. In conclusion, Cr can

not oxidize above 850°C in the test emvironment.

3.3 Microstructure of Carburized Specimen

Carburized structures of exposed specimens were observed even without
etching, especially those at high temperatures 1Tike 900 and 950°( were
remarkably detected. A typical example of carburized structures after
exposure at 950°C is shown in Fig.10. It can be also made clear from this
figure that the depth of carburized zone of R 4286 was shallower than those
of the other alloys, which corresponded to a good carburization resistance

of R 4286.

The microstructures of the specimens exposed at 800, 850, 900 ang
950°C for each hours are shown in Fig.s 11, 12, 13 and 14, respectively.
In most of carburized specimens, the carbide denuded zone was observed at
the region near surface of alloy matrix. Unfortunately, the mechanism and
process for the formation have not been become clear yet. From Fig.s 11,
12, 13 and 14, the depth of carburized zone was measured for the
determination of carburization kinetics. The results measured are
summarized in Fig.s 15, 16 and 17. With respect to the carburization
resistance of F alloy, these results at 900 and 950°C are a bit different
from the results of bulk carbon analysis. As described in section 3.1,
according to the vresults of bulk carbon analysis, F alloy had a moderate
carburization resistance. However, the carburization resistance referred
to the carburized zone was nearly comparable to those of Hastelloy alloys
XR. The reasons for the difference may be due to the precipitation process
and/or the solubility limit of carbon in F alloy matrix, i.e. the

precipitation of carbide and the solubitity limit of carbon are faster and

—f—
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lower than those of Hastelloy alloys XR.

The temperature dependence of parabolic rate constants for the depth of

carburized zone except the results at 800°C is also shown in Fig.18, which
indicates that the data points except R 4286 showed an Arrehnius’
relationship roughly and an averaged activation energy for three alloys was

290 KJ/moT.
4,  DISCUSSIONS

The environment used in this report was heavy carburizing condition. Such
environment might only be expected 1in chemical plants. However, for the
comparative study of carburization resistance of alloys themselves, the

test in this environment is quite efficient.
4.1 Carburization Kinetics

Concerning the carburization kinetics referred to the change in carbon
content, it has been reported12 that if no oxide is present on the alloy
and surface reaction rates are sufficently high, the carburization rate
will be controlied by diffusion and precipitation processes in the alloy
matrix. Under such conditions, the carburization rate follows parabelic
rate law. It has also been found12 that assuming an activation energy of
209 KJ/mol for the carburization of Inconel 617, the parabo1i; rate
constants for Inconel 617 and Incoloy 800 H at 950°C are approximately 0.2

and 2 mgz.cm'4.h'1, respectively.

In this investigation, it was found that the carburization rate of tested
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lower than those of Hastelloy alloys XR.

The temperature dependence of parabolic rate constants for the depth of

carburized zone except the results at 800°C is also shown in Fig.18, which
indicates that the data points except R 4286 showed an Arrehnius’
relationship roughly and an averaged activation energy for three alloys was

290 KJ/moT.
4,  DISCUSSIONS

The environment used in this report was heavy carburizing condition. Such
environment might only be expected in chemical plants. However, for the
comparative study of carburization resistance of alloys themselves, the

test in this environment is quite efficient.
4.1 Carburization Kinetics

Concerning the carburization kinetics referred to the change in carbon
content, it has been reported12 that if no oxide is present on the alloy
and surface reaction rates are sufficently high, the carburization rate
will be controlled by diffusion and precipitation processes in the alloy
matrix. Under such conditions, the carburization rate follows parabolic
rate law. It has also been found12 that assuming an activation energy of
209 KJ/mol for the carburization of Inconel 617, the parabolic rate
constants for Inconel 617 and Incoloy 800 H at 950°C are approximately 0.2

and 2 mgz.cm'q.h'1, respectively.

In this investigation, it was found that the carburization rate of tested
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alloys which could not form oxide scale {except R 4286) followed parabolic
rate Taw, and the parabolic rate constants for Hastelloy XR-II, Hastelloy
XRand F alloy at 95%0°C were approximately 0.61, 0.67 and 0.47
mgz.cm' .h“1, respectively. From the facts mentioned above, it can be seen
that the results reported here were quite reasonable. Furthermore, the
parabolic rate constants of three alloys at 900°C are as follows
Hastelloy XR-II = 0.19, Hastelloy XR = 0.22 and F alloy = 0.08

2 -4
mg-.cm .

o

When compared with the carburization resistance among three alloys,
Hastelloy alloys XR and F alloy, F alloy exhibited better carburization
behaviour. The results may be caused by the lower Cr content {(higher carbon
activity in the alloy) and the slower diffusion rate of carbon into the
alloy matrix. Because it has been pointed out that the change in carbon
content due to carburization for high temperature alloys increases with Cr

13

cantent and the diffusion rates of some alloying elements in Ni-Cr-W

alloys matrixes are slower than that in Hastelloy alloys X matrixes14.
4.2 Carburization Behaviour of R 4286

R 4286 was almost covered by oxide scale at each testing temperatures, so

that emphasis is placed on the carburization behaviour of this alloy.

As can be seen from the carbon uptake and the temperature dependence
curves, R 4286 showed different behaviour when compared with the other
three alloys. As shown in Fig.s 5 and 6, the increase in carbon content

at 900 and 950°C after 50 hours can be seen to saturate with time, which

means that carbon transfer into the alloy matrix is completely stopped by
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the protective oxide layer. Such carburization behaviour has sometimes
been observed on high temperature alloys during exposure in certain
environment15 , in which surface of the alloy is covered by stable Cr-based
oxide. Regarding the carburization resistance of R 4286, it can be
concluded that Al-Ti-based oxide played a role of barrier against carbon
transfer into the alloy matrix even in heavy carburizing environment,
particularly the effect of barrier was effective at 950°C,. i.e.

Al-Ti-based oxide was more stable at 950°C.

It can be made clear from this investigation that if this alloy is used for
the component material at high temperature parts in HTR, at Tleast the
carburization problem will be neglected in the environmental effects. This
alloy, however, has two following demerits for HTR'app11cations ;

(1} podr'oxidation resistance in standardized simulated HTR environment
like JAERL type B and PNP helium’.

(2) higher Co content.
Cobalt may be an element which is best avoided for primary circuit
applications in nuclear system because of the possibility of radicactive
contamination. For HTR applications, therefore, the new alloy system based
on R 4286 will be required. The new alloys are under discussion, in which
for the improvement of oxidation resistance Mn and Si will be added, and

Co will be replaced by Ni, Mo and W.

With respect to carburization behaviour, further investigations are in
progress to establish the effect of carburization on mechanical properties

of the carburized materials.



JAERI-M 86-053

5. SUMMARY

Carburization tests of high temperature alloys, Hastelloy XR, Hastelloy XR
-II, Ni-Cr-W (F) alloy and R 4286, were carried out in heavy carburizing

environment at 800, 850, 900 and 950°C for up to 100 hours.

The results obtained showed that :

(1) In the test conditions excpt at 800°C, in which Cr can not oxidize,
Hastelloy alloys XR and F alloy were not covered by oxide scale, while for
R 4286 Al-Ti-based oxide was formed on the specimens.

(2) The carburization kinetics of Hastelloy alToys XR and F alloy followed
parabolic rate law, and the carbon uptake rate of F alloy was lower than
those of Hastelloy alloys XR.

(3) R 4286 containing 2% AT and 2.5% Ti exhibited the best carburization
resistance in the alloys tested, because additions of Al and T4 had a
beneficial effect against carburization due to the formation of the

protective Al-Ti-based oxide Tayer even in dry environment.
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Fig. 4 Change in carbon content of R4286.
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Fig. 5 Carburization kinetics of the alloys tested at
950°C.
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Fig. 6 Carburization kinetics of the allays tested at
900°C.
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Fig. 7 Carburization kinetics of the alloys tested at
850 and 800°C.
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Fig. 8 Temperature dependence of parabolic rate constants
for change in carbon content.
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Fig. 9 Results of qualitative analysis of surface
products at several temperature.
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Fig. 10 Carburized microstructures of the alloys tested at 950°C
for 100 h (no etching).
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Fig. 11 Microstructures of the alloys tested at 800°C (etching).
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Fig. 12 Micristructures of the alloys tested at 850°C (etching).
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Fig. 13 Microstructures of the alloys tested at 900°C (etching).
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Fig. 14 Microstructures of the alloys tested at 950°C (etching}.
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Fig. 15 Depth of carburized zone of the alloys tested at
800 and 850°C, '
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Fig. 16 Depth of carburized zone of the alloys tested at
900°C.
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Fig. 17 Depth of carburized zone of the alloys tested at

950°C.
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Fig. 18 Temperature dependence of parabolic rate constants
for depth of carburized zone.



