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Abstract: Grain refinement of superalloy K4169 was achieved by adding refiners into the alloy melt and their

effects on the mechanical properties were investigated. The tensile properties at room temperature and 700 ‘C and

low cycle fatigue properties at room temperature were compared for both conventional and fine grained test bars.

The results indicate that the rupture strength, yield strength, elongation and reduction of area for refined grains are

all much superior to those for coarse ones. Whereas the elongation and reduction of area of fine grained samples de-

crease at 700 C. Low cycle fatigue properties of samples with refined grains at room temperature are improved sig-

nificantly. In addition, the degree of dispersion of low cycle fatigue data of samples with refined grains is dimin-

ished.
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1 INTRODUCTION

The integral fine grained cast techniques for
superalloys'” ? have been used in small aero en-
gines for many years in order to achieve uniform
properties, homogeneous microstructures and mor-
phology of precipitates such as carbides and Y
phase. The current integral fine grain casting tech-
niques still utilize thermal control or vibrating
methods to control grain size in which complicated
equipment is needed and production cost is
increased, therefore, a simple method, chemical
addition method in which the refiners are added to
the alloy melt before pouring is paid more attention
to. However, some researchers indicate that some
chemical addition can cause crack propagation or
variation of constitution which makes the heat
treatment of the alloy difficult due to the different
physicalchemical properties between the master
alloy and refiner'”™ . Accordingly, more detailed
investigations on chemical refinement of superal-
loys should be performed. In the previous work'®”
the refined structures of superalloy K4169 were
obtained by adding some intermetallic compounds
as refiners. The present paper will continue to

study their effects on mechanical properties.

2 EXPERIMENTAL

2.1 Experimental materials

A Fe Ni based superalloy K4169 was used in
this work. It has the following chemical composi
tions( mass fraction, %): 0. 05C, 0. 01Co, 52Ni,
3.05Mo, 5.3Nb, 18. 4Cr, 0. 55A1, 1. 05Ti and

balance Fe.

2.2 Melting and casting

A ZG 200 type vacuum melting and casting u-
nit was used to cast conventional and fine grained
ingots. The essential processing parameters are lis-
ted in Table 1. The preheating temperature of the
ceramic mould was kept at 900 C in all cases. The
refiner was added before pouring. The melt was
subsequently poured into metallographic samples
for investigating mechanical properties. Details of
the experimental process have been described else

where!® .

2.3 Mechanical property tests
The test bars for mechanical property were
processed into property samples with reference to

Chinese National Standard GB 6397 —86. Tensile

properties at room temperature and 700 C were
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Table 1 Grain structure features under
various casting conditions

Sample Refiner tn/ te/ D/ ASTM
No.  addition C [® mm grade

Pl %

1 Without 1550 1400 2.25 M8 56

2 With 1550 1400 0.202 1.7 96

tn —homogeneous treatment temperature of melt; tr —
pouring temperature of melt; P —proportion of equiaxed
grains on transverse section

tested with a WJ-10B
strength tester and a ZDM-5 tensile tester, respec
tively, The fatigue test samples were prepared
with 6 mm in diameter and the fatigue tests were
carried out with a 100 kN MAYES mechanical fa-

tigue equipment at room temperature in static air

universal mechanical

under whole strain controlled pulkpress loading in
all re-direction axis at nominal strain amplitude of
£0.22%~ %0. 9%, with triangle wave at strain ra-
tio R= - 1 and loading rate of 1 x 10°* mm/s.
Some of those samples were examined by Cam-
bridge S-360 scanning electron microscope( SEM) .

3 EXPERIMENTAL RESULTS

3.1 Grain structure

Table 1 illustrates the experimental scheme
and processing parameters, together with charac
teristic parameters of grain structures under vari-
ous refining processing. The corresponding grain
structures are shown in Fig. 1. It can be seen that
adding refiner into the melt can markedly reduce
the grain size(D) and improve the fraction of equi
axed grain at traverse cross-section( P) .

3.2 Tensile properties

Table 2 lists the data of tensile properties at
room temperature and 700 C. When the grain size
is between 0. 20 and 2. 25 mm, the yield strength,
ultimate strength, elongation and reduction of area
are increased markedly along with the progress of
grain refinement at room temperature. At 700 C,
the situations are the same for both strengths. In
terms of elongation and reduction of area, the be-
havior is different. When grains are refined, the
value of them drops.

Fig. 1 Grain structures of cylindrical

ingots obtained
(a) —Sample 1; (b) —Sample 2

The experiment facts that refined structures
have superior tensile properties to large grain
structures ( LGS) are attributed to that refined
structures have more grain boundaries than coarse
grain to accomplish the strengthening effect when
grain boundaries can inhibit dislocation gliding'”.
Moreover, the refinement of grain leads to the uni-
formity structures and precipitates distribution, so
less stress is produced and crack propagation is de-
layed, while coarse structures produce constitution
segregation and coarse precipitates, which cause
higher stresses and crack among grain boundaries

Table 2 Tensile properties for samples with different grain sizes

T ensile properties

Sample No. Average grain size/ mm T est temperature

G,/ M Pa ®.2/ M Pa & % Y %
Room temperature 751.3 592.7 12.3 16.0

1 2.25
700 C 638.3 502.7 12.1 16.4
Room temperature 936.7 650 16.1 20.3

2 0.20
700 C 733.3 610 8.17 13.0




© 282 =

Trans. Nonferrous Met. Soc. China

Apr. 2005

or particles.

The fracture morphologies of tensile samples
are shown in Fig. 2. As compared with the tough-
ness nest characteristic ( Fig. 2(a)) of fine grain
structure( FGS), the morphologies of LGS show
that the sample fractures along interdendritic areas
(Fig.2(b)). So interdendritic areas of LGS may be
a factor of weakness of tensile properties. The pre-

1 indicated that interdendritic

vious investigation'
segregation of conventional grained structure is
more serious than that of FGS. Thus, much more
positive segregation elements, such as Mo, Nb,
will accumulate in interdendritic areas of LGS.
Enrichment of Mo and Nb elements may produce 6
and Laves phase which will deteriorate mechanical
properties. Therefore, we can conclude that the
decrease of elemental micro-segregation of FGS
makes a contribution to improving tensile proper-
ties. Figs. 2(c¢) and (d) show the fracture mor-
phologies at 700 C. Fig. 2(¢) shows that many
microminiature second phase particles such as car-
bides in fine grain samples inhibit dislocation gli-
ding in stead of being channels of cracks at 700 C.
Also, the fact that the fracture surface of both
FGS and LGS samples shows transgranular frac
ture is due to the strengthening effect of grain
boundaries at 700 C. Therefore, FGS has a higher
strength than LGS at 700 C as listed in Table 2.
In transient-fracture areas of FGS , a typical quasr
cleavage characteristic( Fig. 2(d)), which is a kind

TR

of brittle transgranular rupture, is observed. Such
kind of fracture surface generally shows less micro-
roughness according to the limited amount of plas-
tic deformation. Transcrystalline crystallographic
facets are more frequently observed, suggesting
that sliding plane decohesion plays an important
role in the fracture process'® . Since the total plas-
tic strain of such kind of fracture is more than that
of cleavage, but less than that of ductile fracture,
it is consistent with the experimental results that
the values of elongation and reduction of area of

FGS drop at 700 C.

3.3 Low cycle fatigue properties

Fig. 3 illustrates the low cyclic fatigue( LCF)
life at various strain amplitudes. It can be seen
that finer grain improves the LCF life significantly
at room temperature. Especially, the lower the
strain amplitude, the larger the difference of fa-
tigue life is. Fatigue life of fine-grained sample in-
creases from about 20% at A& = 0.2% to about
100% at A&= 0. 6% . In addition, the dispersion
degree of LCF data of fine-grained samples is di-
minished. Table 3 lists the variance logarithm of
fatigue life. It can be seen that the values of fa-
tigue life for fine-grained samples are larger than
those for coarse grained samples at all strain lev-
els. Other researchers have gained the same re
sults'* . This is related to the modulus values of
the alloys. The finer grained materials have higher

Fig. 2 Fractographs of tensile samples
(a) —Fine grain structure at RT; (b) —Large grain structure at RT;

(¢) —Fine grain structure at 700 C; (d) —Large grain structure at 700 C

(RT —Room temperature; Arrow: sliding plane)
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Fig. 3 Fatigue life of K4169 superalloy with

different grain structures at room temperature

Table 3 Variance logarithm of fatigue life(InS; )

InS.
&/ %
Coarse grains Refined grains
0.3 10.29 8.21
0.5 7.08 4.92
0.6 T 15 4.27

and more consistent modulus than conventionally
cast alloys, reflecting the superior isotropic behav-
ior of former and implying reduced scatter values
and higher statistical stability.

Fig. 4
(a), (b) —Large grain structure, & 0.3%; (c¢), (d) —Fine grain structure, & 0.3%

The fracture surfaces were examined in order
to compare the fracture morphology between LGS
and FGS. In the two different samples, the frac
ture surfaces have similar multiple fatigue crack
headstreams( Fig. 4(a)).
illustrate transgranular fracture with fatigue stria-
tions usually observed for cycle dependent deform-
ation. But the fracture morphology is different
(Figs.4(b) and (c)). It can be attributed to that
the higher yield strength of FGS accomplished by
uniform structures and precipitates distribution
leads to higher fatigue crack driver than that of
LGS which brings multiple slip systems and crack
growth path as shown in Fig. 4(¢). In addition, we
can find in the fatigue fracture surface that the sec
ond phase particle inhibits fatigue crack (Fig. 4
(d)) which improves FGS low cyclic fatigue life of
FGS as that in the tensile properties. Further-
more, in all of those fracture surfaces of FGS there
is no chemical addition particle found that induces
crack propagation or turns into a crack head-
stream. Both the mechanical properties and the
fracture morphology strongly suggest that the se
lection of chemical refiner is successful.

Those fracture surfaces

4 DISCUSSION

4.1 Tensile properties at 700 C

Elevation of testing temperature has obvious
effects on tensile properties of materials. Strength
data of fine grain structures are still higher than

Fracture surface morphologies of two different grain structured samples
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those of coarse grain structures at 700 C, indica-
ting equal strength temperature ( tew) is higher
than 700 C for tensile deformation of alloy K4169.
But elongation and reduction in area decrease at
700 C with refinement of grain structure which is
similar to the result of Bouse''”. The behavior of
FGS is something like intermediate temperature
brittleness (ITB) which is also observed in other
(2 Since LGS ductility doesn t dis-
tinctly drop at 700 C, microstructure may influ-
ence the ITB behavior. HE et al' " have studied the
low ductility at intermediate temperature of Nt
base superalloy M963. T heir results indicated that
the dislocations were trapped in the narrow con-

superalloys

nected slip bands within matrix channel and the de-
formation was very inhomogeneous, leading to
ductility decrease under solution treatment; while
the dislocations became trapped in the ¥ ¥ inter-
faces and were more homogeneously distributed,
leading to the better ductility observed under aging
treatment. But in this work the deformation of
FGS must be homogeneous because of fine grained
structure and uniform precipitates distribution.
Therefore current results can not be explained by
previous work.

It can be explained by changes of fracture
toughness according to Tetelman s fracture tough-

: 14
ness formulatlon[ ]I

Kic=2.9%:[exp( G/ ®2— 1)— 1120 (1)
where Pis the radius of end of crack. Obviously,
the larger the value of ( G,/ @.2) is, the larger the
fracture toughness is and the less the brittleness of
the grain structure is. From the experimental re-
sults in Table 3, the values of ( A/ .2) of refined
structure vary from 1. 45 to 1. 20 as temperature
changes from room temperature to 700 C. That is
refined structure becomes more brittle at elevated
temperature. While the values of ( 4./ @.2) of coarse
grain structure have no change (from 1. 27 to 1.
27). Its fracture toughness K 1 ¢ changes little and
keeps at larger value, so that refined structure pro-
duces crack propagation quickly and its deforma-
tion amount is less. That is why elongation and re-
duction of area of refined structure are less than
those of the coarse grain structure.

Another explanation of the facts above is that
the precipitates at grain boundaries have lower ca-
pability to resist oxidation than ¥ matrix at 700 C,
resulting in crack propagation rate to be faster at
grain boundaries and crack to occur at surfaces of
grain boundaries. As a result, the ductility level of
fine-grained sample with much more grain bounda-
ries is reduced.

4.2 Effects of graimrrefinement on LCF properties
The total fatigue life of a specimen consists of
a crack initiation phase and a crack propagation

phase. It is mentioned that fatigue cracks of super-
alloys initiate on slip bands (or multiple slip sys-
tems), carbides and micropores at room tempera-
ture. Those slip bands or multiple slip systems are
a consequence of local accumulation of the inhomo-
geneous plastic strain. Nilsson and Thorvalds-
son'"” pointed out that, stress agglomeration un-
der cyclic load was impeded in fine grain speci
mens, and inhomogeneous plastic fluid is dimin-
ished, as a result, fatigue crack initiation phase is
prolonged. Additionally, grain refinement restricts
the porosity and carbide size. So fine grain samples
are superior to coarse ones in this instance.

Fatigue crack propagation ( FCP) frequently
accounts for a high ratio in fatigue life. A class of
models have been developed in which the FCP
process is viewed as one in which cyclic damage ac
cumulates ahead of the crack tip with a local LCF
mechanism in the processing zone(a small region).
The model predicts that the resistance to FCP can
be increased by increasing the grain size because of
lower average strain in the critical crack tip zone.
On the other hand, in an extensive study of FCP in
commercial alloys, it is shown that the FCP rate
tends to decrease with increasing strength!'”. So
there are inconsistent factors that affect FCP of
fine-grained sample which has a high strength and
small grains. Recently, the fatigue crack growth
rate of a polycrystalline IN718 superalloy with two
different grain sizes was investigated by Osinkolu
et al''”'. The results showed that the difference of
FCP between FGS and LGS depended on the load-
ing cycle and testing temperature. LGS material is
less resistant to fatigue crack growth than FGS
material in the tensile loading cycle. The result
shown in Fig. 3 that finer grain improves fatigue
life more significantly at lower strain amplitude in-
dicates that the FCP rate of fine grain structure de-
creases. The observed result may be rationalized
by taking the difference of the mechanical proper
ties into consideration. The reason is that the crack
growth rate is usually taken to be proportional to
the crack tip opening displacement ( Dcro). Since
Dcro= Ak*/(GE), any variation in £ or G will in
turn lead to changes in crack growth rate. In fact,
a good integrated properties of the strength and
plasticity are essential to LCF. It is shown that
both strength and plasticity of fine-grained samples
are more superior to those of coarse ones. So finer
grain structure improves the LCF properties.

S CONCLUSIONS

1) All tensile properties such as rupture
strength, elongation for finegrained samples are
more superior to those of the coarsegrained ones
at room temperature. At 700 C, the situations are



Vol 15

No 2 Mechanical properties of fine grained superalloy K4169 with addition of refiners

= 285

the same for both strengths, but the values of e
longation and reduction of area drop for refined
grains. This is caused by the different value of G,/

.2 at various temperatures.

life significantly at room temperature,

2) Finer grain improves the low-cycle fatigue

ranging

from 20% to 100% , according to the strain ampli-
tude. In addition, the dispersion degree of low-

cycle fatigue life data of fine-grained samples is di-

minished.

[8]
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