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ABSTRACT

Age-hardening nickel-base alloy Inconel X-750, which is used extensively in
PVR and BWR components, has exhibited intergranular fracture under service
conditions due to improper heat treatment. At present there seems to be no
recognized standard aging treatment for this alloy, but the usual process is
to use a triple heat treatment which comprises solution treatment at 1149°C/
2 hours, air cool, + 843°C/24 hours, air cool, + 704°C/20 hours, air cool.
The present study investigates the influence on the fracture behaviour of
varying microstructural features produced by single aging between 704-871°C
after solution annealing at 1075°C for two hours.

Inconel X-750 obtained by electroslag refining has been subjected to single
aging treatments ranging from 704 to 871°C for times of 2 hours to 200 hours.
The fine-scale microstructures were well documented using optical microscopy,
TEM and SEM. Fracture studies were carried out using notched charpy speci-
mens given the treatment mentioned above and the fracture surfaces were ex-
amined using scanning electron microscopy.
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INTRODUCT | ON

Inconel X-750 is a high strength, age hardenable nickel-base superalloy with
good oxidation and corrosion resistance (Inconel Alloy X-750, 1979; Kattus,
1981; Raymond; 1967). As a result of these properties, this alloy has been
widely used in both BWR and PWR applications as bolts, springs, pins and other
structural hardware components (Boisde and co-workers, 1971; Mills, 1981) .

This austenitic alloy constitutes mainly the .y matrix, precipitation of
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intermetallic" Y'(Ni3A] or Ni3 Ti) within the grain; the carbides such as

MC type (Ti,NbC), and M23C6 carbides (e.g., Cr23C6). The formation of the
M23C6 type is believed to occur by the following reaction:

1

MC + y ~ M23C6 + v

The present study was undertaken with the view to assess the influence of
varying microstructural features produced by single aging (Hattori, and co-
workers) between 704 and 871°C on the fracture behaviour. In this tempera-
ture regime most of the precipitation sequences occur rapidly,

Optical and transmission and scanning electron microscopy were used in the
present study.

EXPERIMENTAL PROCEDURE
The chemical composition of the electroslag refined heat used in this study

is given in Table 1. Samples were cut from a I1.5-inch (38 mm) diameter rod

TABLE 1 Chemical Composition (by Weight %)

Elements
C Mn Fe S Si Cu Ni Cr Al Ti Nb+Ta
0.06 0.19 7.82 0.001 0.40 0.37 72..02 14,82 0.85 2.49 0.98

and were given various heat treatment cycles comprising solutioning treatment
at 1075°C for 2 hours, followed by water quenching. Subsequently, aging
treatments at 704°C, 760°C, and 871°C, between 2 and 200 hours followed by
air cooling were conducted. This aging temperature range was selected to
facilitate a better understanding of the entire precipitation sequence (Mager
and Aspden; private communication with Huntington Alloys, Inc , 1983).

Metallographic specimens were prepared for optical microscopy (Sinha, Hebsur
and Moore, 1983). The microstructural changes occurring during aging were
documented on thin foil specimens examined under the transmission electron
microscope at an accelerating potential of 100 kV. Thin foils were prepared
by electrochemical thinning at room temperature in a bath containing 10% per-
chloric acid in butanol and under a potential of 50 V. Energy dispersive
X-ray (EDX) analyses with SEM and SAM point analyses were taken on polished
specimens in order to determine the primary (MC type) and secondary (M23C6

type) carbides present within the grain and along the grain boundaries of the
heat-treated samples (Sinha, Hebsur and Moore, 1983).

ASTM standard charpy impact test specimens were machined for each heat treat-
ment cycle in the longitudinal forming direction. Specimens were subsequently
tested on the Dynatup Instrumented Impact Machine in air.

Apparent fracture toughness (Server, Ireland, and Wullaert, 1974) and CVUN
values were determined from instrumental impact data. The fracture surfaces
were examined under a Philips 500 scanning electron microscope at an
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accelerating potential of 12.5 kV.
RESULTS

Figure 1 shows the aging curve which indicates that aging at 704°C, 760°C,
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Fig. 1. Hardness versus aging time.
and 871°C, each followed by air cooling, results in a peak hardness at 100

hours, 50 hours and 2 hours, respectively. Figure 2 illustrates the typisal
microstructures of heat treated specimens aged for 2 and 200 hours at 871°C.
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Fig. 2. Inconel X-750 solution treated, water quenche
(a) 871°C, 2 hrs. and (b) 871°C, 200 hrs.
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Transmission electron photomicrographs (Fig. 3) of the grain boundary region
illustrate continuous carbide precipitation after aging for 2 hours at 70k°cC
(Fig. 3(a)), which breaks up into discrete and discontinuous particles after

aging at 704°C for 100 hours. The intermetallic phase ' (NizAI,NIBTi) is
evident in the grain interior in Fig. 3(b), together with a small zone adja-
cent to the grain boundary which is depleted in chromium. It was found that

these continuous carbides began to break up into discrete and discontinuous
particles after 50 hours aging at 704°C and 760°C (Sinha, Hebsur, and Moore,
1983). It is thought that these carbides are predominantly M?3C6, e.qg.,

Cr?3C6 with some MC type carbides, e.g., NbC, TiC, also present after prolong-

ed aging. Further work is continuing to provide a more complete characteriza-
tion of the chemistry of these grain boundary carbides for these single aging
treatments.

(a) (b)

Fig. 3. Typical TEM microstructures corresponding to aging at 704°C for
(a) 2 hrs, and (b) 100 hrs, aging times.

Figure 4 shows the room temperature CVN absorbed energy and apparent fracture
toughness of Inconel X-750 as a function of aging time. This indicates that
both the apparent fracture toughness and the CVUN values decrease with aging
time for 704°C and 760°C aging temperatures. On the other hand, both these
values increase with aging time for specimens aged at 871°C. However, the
highest CVN absorbed energy and apparent fracture toughness values have been
observed for the specimens solution treated at 1075°C for 2 hours followed by
water quenching, presumably due to the ductile matrix in the supersaturated
solid solution, SEM fractographs, obtained on broken charpy specimens, are
illustated in Figs. 5-7.

1355

e

INCONEL X750

|

3oot

[2]
N
o

- NN NN N
oON » o @
©° ©°

-
-
o

Apparent Fracture Toughness,MPavm

140[
120
260,
g
220 O Aging at 704°C
200 /\\ Aging at 7680°C
O Aging at 871°C

e Quenched specimen

,Joules

N
-
(-]
o

160

- -
N &
o o

100
80

60 J

40 —
0 50 100 150 200

Aging time,Hours

Absorbed energy,CV

Fig., b Effect of aging time on impact properties of aqe treated
Inconel X-750

DISCUSSION

The maximum peak hardness values are obtained as a result of the Strengthenlng
effects of the coherent intermetallic precipitates, ¢'. The formation and

growth of incoherent intermetallic precipitates cause reduction
ness values beyond the peak points. Since the solution tempera ;
M23C6-type carbides is about 871°C (lnconel Alloy X-750, 1979), aging at

871°C followed by air cooling causes the dissolution of this carbide and‘
finally a secondary carbide-free zone is established throughout the matrix
after aging for 200 hours at 871°C (Fig. 2(b)) (Sinha, Hebsur, and Moore,
1983) .

in the hard-
ture of Cr-rich

The continuous grain boundary M2366—type carbides which are present at the



Fig. 5. SEM fractographs of impact specimens aged at (a,b) 704°C for
100 hrs, and (c,d) 704°C for 200 hrs, at different magnifications.

lower aging times begin to break up and become discrete after 50 hours aging
at 704°C and 760°C. As time progresses beyond 50 hours, Cr replenishment of
the grain boundary occurs and grain boundary carbides are subjected to

Fig. 6. SEM fractograph of impact specimen aged at 760°C for 2 hrs.

restructuring to form more discrete particles (Sinha, Hebsur, and Moore,

1983) .

The fracture surfaces were examined in order to relate impact properties and
hardness to operative fracture mechanism(s). Aging at 704°C for 100 and 200
hours, the Inconel X-750 fracture surfaces exhibited predominantly intergranu-
lar fracture; some transgranular faceting and a few cleavage facets were also
visible (Fig. 5). The rumpled appearance observed on the intergranular facets

was attributed to a dimple rupture network. In this alloy, this intergranular
fracture behaviour is belicved (Mills, 1980) to result from microvoid coales-
cence along the grain boundary denuded zone (Fig. 3). It appears that exten-

sive plastic flow around the grain boundary carbides results in a stress con-
centration at carbide-matrix interface which leads to a decohesion between

the carbide particle and the matrix Fig., 5 (b,d) illustrates the small
spherical particles within cavities or dimples, believed to be M23C6 carbides,

that initiated the microvoids. Subsequent growth and coalescence of these
microvoids within the grain boundary denuded zone produces intergranular
dimple rupture network (Mills, 1981; Mills, 1980). At the intermediate aging
temperature (760°C) the surface exhibited a limited amount of intergranular
fracture coupled with mostly shear or elongated dimples and some tearing
ridges and regions (Fig. 6). At a higher aging temperature (871°C) hardness
decreases appreciably and consequently impact properties increase with aging
time; the secondary carbide, e.g., M23C6’ along the grain boundary starts

dissolving after 2 hours and is replaced entirely by a secondary carbide free
zone after 200 hours aging time (Fig. 2(b)) Hence fracture surfaces at this
aging temperature for 2 hours show very few intergranular fracture appearances
and at 100 and 200 hours exhibit the transgranular ductile fracture (Fig. 7).
At this aging temperature, dimple size appears to increase with aging time.

All these fracture surfaces mentioned above are also associated with the
breaking of intermediate and large cubic shaped MC-type carbides, i e., NbC,
TiC, within very large dimples causing microvoid formation and subsequent
growth of voids leading to quasi-cleavage fracture (i.e., involving both mi-
crovoid coalescence and cleavage) It is anticipated that quasi-cleavage
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Fig. 7. SEM fractographs of impact specimens aged at (a) 871°C for 2 hrs
o

(b,c) 871°C for 100 hrs. at different ifi i g
g My magnifications, and (d) 871°C

facets fracture ahead of the moving crack front; then, with the increase in
stress, the cleavage facet extends by tearing into the matrix around it by
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microvoid coalescence (Metals Handbook, 1974) A tearing region is invaria-
bly observed adjacent to the large dimples or between the two large dimples
containing broken MC-type carbides., Tearing occurs if the ductility is suf-

ficiently high and the flow stress sufficiently low (Metals Handbook, 1974).
It appears that voids do not coalesce with each other, but are individually
intersected by and coalesced with the tip of a growing crack (Rao and Alexan-
der, 1983).

CONCLUSIONS

Operative fracture mechanisms have been related to the impact behaviour, mi-
crostructure, and hardness of the precipitation heat treated Inconel X-750
solution treated and aged between 704 and 871°C. The following conclusions
can be drawn.

(1) Inconel X-750 alloy exhibited a maximum hardness in the samples aged at
704°C for 100 hours, 760°C for 50 hours, and at 871°C for 2 hours, fol-
lowed by air cooling. A complete secondary carbide free zone was present
after aging at 871°C for 200 hours.

(2) Apparent fracture toughness and CVN values decrease with aging time at
704°C and 760°C aging temperatures, while these values increase with
aging time for specimens aged at 871°C.

(3) Aging at 704°C for 100 and 200 hours (coincident with lower apparent
fracture toughness and CVN values and higher hardness values), the frac-
ture surfaces exhibited mainly intergranular fracture coupled with some
transgranular faceting and a few cleavage facets. The fracture occurred
by an intergranular dimple-rupture mechanism attributed to microvoid co-
alescence around the grain boundaiy carbide.

(4) An improved fracture resistance was produced on aging at 871°C and was
thought to result from a transition from partial intergranular to a
complete ductile (transgranular) fracture mechanism. The dimple size
appeared to increase and the larger dimples were more numerous with aging
time at this temperature,

(5) A tearing region was invariably observed adjacent to the large dimples
and between the two large dimples containing broken MC-type carbides.

(6) A predominance of large dimples containing broken intermediate and large
cubic shaped MC-type carbides was observed on the fracture surface of
specimens aged at 871°C compared with those aged at 704°C and 760°C.
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