Available online at www.sciencedirect.com
N

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 25(2015) 2939-2947

Transactions of
Nonferrous Metals
Society of China  Z%3

A

oaeiles Science
ELSEVIER Press

SR i) |

www.tnmsc.cn

Effect of phosphorus segregation on as-cast microstructure and
homogenization treatment of IN706 alloy
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Abstract: The distribution of phosphorus in IN706 alloy was studied, with particular emphasis on the as-cast microstructure and
homogenization treatment. It is found that phosphorus is segregated in Laves phase and markedly influences the as-cast
microstructure of IN706 alloy. Phosphorus retards the formation of Laves phase with the eutectic form, but promotes the Laves
formation with the blocky form. Phosphorus refines the dendritic structure and noticeably enlarges the interdendritic area. The reason
for phosphorus influencing the as-cast microstructure is attributed to its extremely low solubility in y matrix and great retarding effect
on y matrix solidification. In addition, phosphorus slightly decreases the melting temperature of Laves phase, and retards the
dissolution of Laves phase and the element diffusion between dendrite core and interdendritic area during the homogenization
treatment. And it is thought that phosphorus delays the homogenization process by inhibiting the element diffusion.
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1 Introduction

IN706 alloy is derived from IN718 alloy by
removing Mo, reducing Nb, Al, Cr, Ni, and increasing Ti
and Fe [1-3]. The excellent balance of chemical
composition results in superior characteristics to IN718
alloy in the segregation tendency, hot workability and
machinability. Therefore, IN706 alloy is suitable for
fabricating large forgings used at high temperature [4—8],
which have been used for “F” series gas turbine disc with
a diameter of about 2000 mm [9,10]. In order to
manufacture these large gas turbine components, the
large-size ingots more than 800 mm in diameter are
necessary.

Phosphorus (P) is a common impurity element,
which noticeably aggravates the segregation in
superalloys [11—13]. The solidification segregation must
be properly controlled for making large parts of IN706
alloy. However, the effect of P on the as-cast
microstructure IN706 was seldom discussed in the
previous literature, despite the importance of its effects
on large-size superalloys. XIN et al [14] studied the
effect of P content on (Laves +y) eutectic reaction during

IN706 alloy solidification and presented that when P
increased from 0.004% to 0.016%, the morphology of
Laves phase and #-phase was markedly changed. But the
interval from 0.004% to 0.016% is too wide to determine
the critical addition of P for as-cast microstructure in
IN706 alloy. During solidification, microsegregation is
usually unavoidable. To eliminate the elemental
segregation and obtain the uniform microstructure,
homogenization treatment must be performed by high
temperature diffusion before hot deformation, which
plays a key role in the overall thermomechanical
processing of nickel-based superalloys.

In the present work, in order to effectively control
the chemical composition for large-size ingots, different
contents of P are added to IN706 alloy. The segregation
of P and its effect on the as-cast microstructure and
homogenization process are studied, with a detailed
discussion regarding the underlying mechanisms.

2 Experimental
The master IN706 ingot was fabricated by vacuum

induction melting (VIM). The chemical composition of
the ingot is 41.3Ni, 16.21Cr, 1.92Ti, 3.0Nb, 0.37Al,
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0.022C, <0.001B, 0.002P and Fe in balance (mass
fraction, %). The master ingot was then remelted via
VIM to manufacture six 13 kg ingots doped with
different levels of P. The P content of each ingot is listed
in Table 1.

Table 1 P content of IN706 alloys
Alloy No. w(P)/%
1 0.002
2 0.004
3 0.007
4 0.010
5
6

0.014
0.025

The samples at centre, 1/2 radius and edge of all six
ingots were cut from a transverse slice at the same
corresponding position of the ingots. The microstructure
was observed with optical microscope (OM) and
scanning electron microscope (SEM). The element
distributions and micro-zone composition analyses were
measured using electron probe micro-analysis (EPMA).

The melting temperature of Laves phase was
determined by checking the microstructure variation of
the samples heated at temperatures ranging from 1160 °C
to 1190 °C for 0.5 h followed by water quenching. The
dissolution of Laves phase was studied by soaking the
samples for 1 to 5 h at 1160 °C. Vickers microhardness

was measured at different regions of the sample with
Laves phase dissolved to evaluate the effect of P on the
homogenization process.

3 Results

3.1 As-cast microstructure and segregation behavior

Figure 1 shows the dendrite microstructures at the
centre of the ingots. The as-cast microstructure is
constituted by the dendrite core (the light area) and the
interdendritic region (the dark area). It can be seen that
as the content of P is less than 0.007%, P does not have
noticeable effect on the microstructure. However, as the
content of P exceeds 0.010%, the dendrite arms become
narrower.

Figure 2 shows the detailed microstructures of the
interdendritic region at the centre of each ingot. Laves
particles with a light color are precipitated in the
interdendritic y matrix with a dark color, which is called
segregated area in the text. With the P content increasing
from 0.002% to 0.025%, the morphology of Laves phase
is changed noticeably. In Alloy 1 (0.002% P), both the
eutectic and blocky Laves phase are observed (Fig. 2(a)),
and each kind of the morphology accounted for about
50%. Figures 2(b) and (c) present the eutectic and blocky
Laves phase observed by SEM at higher magnification.
In Alloy 2 (0.004% P), the amount of the eutectic Laves
phase is obviously reduced and that of the blocky Laves
phase is significantly increased (Fig. 2(d)). In Alloy 3

Fig. 1 Dendritic microstructures at centre of IN706 ingots: (a) Alloy 1 with 0.002% P; (b) Alloy 3 with 0.007% P; (c) Alloy 4 with

0.010% P; (d) Alloy 6 with 0.025% P
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Fig. 2 Precipitation of Laves phase in interdendritic area at center of ingot: (a) Alloy I; (b) Eutectic Laves phase in Alloy 1;
(c) Blocky Laves phase in Alloy 1; (d) Alloy 2; (e) Alloy 3; (f) Alloy 4; (g) Alloy 5; (h) Alloy 6

(0.007% P), almost all of the Laves phases appear as
blocky particles and the eutectic Laves phase forms as
very small island which is seldom observed (Fig. 2(e)).
When the content of P is more than 0.010%, only the
blocky Laves phase is found (Figs. 2(f)—(h)). It should be
noted in Fig. 2 that both the size of Laves particles and

the area of the interdendritic region are increased with
the increasing P content.

The effect of cooling rate on the microstructure can
be deduced from Fig. 3 by comparing the microstructures
from the edge to the centre in the ingot of Alloy 1
(0.002% P) and Alloy 6 (0.025% P). At the edge of the
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Fig. 3 Laves precipitation from edge to centre in ingot of Alloy 1 and Alloy 6: (a) Edge of Alloy 1; (b) Edge of Alloy 6; (c) 1/2 radius
of Alloy 1; (d) 1/2 radius of Alloy 6; (e) Centre of Alloy 1; (f) Centre of Alloy 6

ingots, there is only eutectic Laves phase in both alloys
(Figs. 3(a) and (b)). At the 1/2 radius of the ingots, the
eutectic Laves phase takes a larger fraction in Alloy 1
(Fig. 3(c)), while more blocky Laves phases are observed
in Alloy 6 (Fig. 3(d)). At the centre of the ingots,
consistent with the results in Fig. 2, only blocky Laves
phase exists in Alloy 6 (Fig. 3(f)), while half of the Laves
phase appears as eutectic form in Alloy 1 (Fig. 3(e)). It is
also shown in Fig. 3 that P increases the interdendritic
area from the edge to the centre of the ingot.

Figure 4 shows the distribution of elements in
Alloy 6 (0.025% P) obtained by EPMA. The distribution
maps reveal that P, Nb and Ti are seriously segregated in
Laves phase, but the segregation behaviors of these

elements are different from each other. P is highly
segregated in Laves phase, but hardly dissolved in
dendrite core and segregated area with a dark color. Nb is
enriched in Laves phase and also slightly dissolved in
segregated area. However, Ti is enriched in both Laves
phase and segregated area.

The compositions of Laves phase, dendrite core and
segregated area near Laves phase in Alloy 1 (0.002% P),
Alloy 4 (0.010% P) and Alloy 6 (0.025% P) measured by
EPMA are listed in Table 2. It is shown that the content
of P in Laves phase is increased with the increase of P
content in the alloys, which is 0.059% in Alloy 1 and
0.929% in Alloy 6. Furthermore, it seems that P does not
noticeably influence the compositions of y matrix in
dendrite core and segregated area near Laves phase.
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Fig. 4 Distribution of P, Nb and Ti in Alloy 6: (a) Microstructure of analysis area; (b) P map; (c) Nb map; (d) Ti map

Table 2 Compositions of test region in alloys with varied phosphorus additions (mass fraction, %)

Alloy No. Region Fe Ni Cr Al Ti Nb P
Laves phase 23.65 31.78 10.01 0.12 4.29 30.09 0.059
1 Segregated area 28.72 47.35 13.67 0.54 4.15 5.57 0
Dendrite core 40.60 40.12 17.24 0.28 0.84 0.92 0
Laves phase 23.76 31.93 9.87 0.11 432 29.56 0.458
4 Segregated area 27.17 48.36 13.27 0.51 4.73 5.96 0
Dendrite core 40.31 40.04 17.53 0.32 0.90 0.91 0
Laves phase 23.16 32.13 10.14 0.12 423 29.29 0.929
6 Segregated area 27.72 48.12 13.04 0.48 4.63 6.02 0
Dendrite core 40.22 40.09 17.40 0.30 0.98 1.02 0

3.2 Melting temperature of Laves phase

As shown in Fig. 5, the eutectic Laves phase in
Alloy 1 is dissolved and a few blocky Laves particles are
remained after heating at 1180 °C for 0.5 h (Fig. 5(a)).
When the soaking temperature is raised to 1190 °C, the
whole Laves phase is melted and the melting pool is
formed (Fig. 5(b)), implying that the melting temperature
of Laves phase in Alloy 1 is between 1180 °C and

1190 °C. And the melting temperature of Laves phase is
also determined between 1180 °C and 1190 °C in Alloy 2
and Alloy 3.

For Alloy 6, as shown in Fig. 6(a), Laves phase is
remained after soaking at 1170 °C, and the melting pool
occurs when the soaking temperature is increased to
1180 °C (Fig. 6(b)). Therefore, the melting temperature
of Laves phase in Alloy 6 is determined to be between
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Fig. 5 Microstructures of Alloy 1 soaked at 1180 °C (a) and
1190 °C (b) for 0.5 h and then water quenched

Fig. 6 Microstructures of Alloy 6 soaked at 1170 °C (a) and
1180 °C (b) for 0.5 h and then water quenched

1170 °C and 1180 °C. And the melting temperature of
Laves phase in Alloy 4 and Alloy 5 is also determined to
be between 1170 °C and 1180 °C. It is obvious that the
melting temperature of Laves phase is slightly decreased
with the increasing P content in IN706 alloy.

3.3 Dissolution of Laves phase

As the melting temperature of Laves phase has been
determined to be higher than 1170 °C, it is safe to soak
the alloys at 1160 °C for dissolving the Laves phase.
Microstructure evolutions of Alloy 1 and Alloy 6 during
soaking at 1160 °C are presented in Fig. 7. After soaking
for 1 h, there are still a few Laves particles remained in
both alloys, but the Laves particles in Alloy 6 are more
than that in Alloy 1 (Figs. 7(a) and (b)). After soaking for
3 h, the Laves particles in Alloy 1 are completely
dissolved (Fig. 7(c)), while there are still a few Laves
particles in Alloy 6 (Fig. 7(d)). It is obvious that P
inhibits the dissolution of Laves phase. The Laves phase
in Alloy 6 is completely dissolved until soaking for 5 h
(Fig. 7(e)).

There is “dark area” in Alloy 6 after soaking at
1160 °C and then air cooled (Figs. 7(b), (d) and (e)),
while no “dark area” is found in Alloy 1 (Figs. 7(a) and
(c)). Furthermore, as shown in Fig. 8, “dark area” is not
observed both in Alloy 1 and Alloy 6 after soaking at
1160 °C and then water quenched (Figs. 8(a) and (c)).
Therefore, it can be deduced that the “dark area” in
Alloy 6 is formed during air cooling. As shown in Fig. 9,
the Vickers hardness of the “dark area” is obviously
higher than that of the matrix at the dendrite core in the
homogenized and air cooled Alloy 6. Moreover, the
darker area has higher hardness.

4 Discussion

As shown in Fig. 4 and Table 2, in the as-cast alloy,
P is highly segregated in Laves phase but depleted in the
segregated area and dendrite core. This result is in
consistent with the earlier study [11] that P is extremely
depleted in y matrix and severely segregated in the
residual liquid. During the solidification of the alloy with
higher P addition, the P concentration in the residual
liquid will increase gradually due to the low solubility of
P in the matrix. The growth of dendrite would make the P
atoms highly concentrate at the solidification front and
hence the solidification rate of the alloy is slowed down
markedly. As a result, P strongly hinders the
solidification of IN706 alloy. The hindering effect of P
on solidification of y matrix is the main reason for the
change of the as-cast microstructure of the alloys. Under
the same solidifying condition, more residual liquid will
be left in the alloy with higher P content. With the
decrease of temperature, the residual liquid is decreased,
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Fig. 7 Microstructures of Alloy 1 and Alloy 6 soaked at 1160 °C for different time and then air cooled: (a) 1 h for Alloy 1; (b) 1 h for

Alloy 6; (c) 3 h for Alloy 1; (d) 3 h for Alloy 6; () 5 h for Alloy 6

the P content in the residual liquid will be increased and
its effect on retarding the solidification of y matrix will
be stronger.

When the temperature is decreased to the level that
Laves phase begins to precipitate, the P in the residual
liquid will be largely absorbed, and then the
solidification of y matrix will proceed quickly again. The
result in this work shows that P does not significantly
lower the precipitate temperature of Laves phase. When
Laves phase starts to precipitate, more residual liquid is
remained in higher P addition alloy, and consequently,
larger interdendritic area is formed (Figs. 2 and 3).

For lower P addition alloy, the precipitation of
Laves phase absorbs much Nb and Ti which elevates the
melting temperature of y matrix. Then, the dramatic
increase of melting temperature around Laves phase
leads to the solidification of y matrix. On the other hand,
the solidification of y matrix propels much Nb and Ti,
which promotes the precipitation of Laves phase around

y matrix. Finally, the (Laves + y) eutectic is formed in
lower P addition alloy (Fig. 2(a)). For higher P addition
alloy, although the precipitation of Laves phase also
absorbs much Nb and Ti, the P content in the residual
liquid is still high enough to prevent the solidification of
y matrix. Only when Laves phase grows into larger
particle, the segregation of P in the residual liquid around
the Laves phase will be drastically reduced, and then the
y matrix will begin to solidify. Therefore, P promotes the
blocky Laves phase formation but tends to prevent the
precipitation of eutectic Laves phase (Figs. 2 and 3).

The precipitation of Laves phase is not only related
with the P content in the alloy, but also determined by the
cooling rate. At the edge of the ingot, the nucleation rate
of Laves phase is greatly improved due to the chilling by
the cold mould. The dramatic increase of nuclei results in
the decrease of P, Nb and Ti contents around the nuclei,
thus causes the solidification of y matrix and forms
(Laves + y) eutectic. However, at the centre of the ingot,
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Fig. 8 Microstructures of test alloys soaked at 1160 °C for 10 h: (a) Water quenched for Alloy 1; (b) Air cooled for Alloy 1; (c) Water

quenched for Alloy 6; (d) Air cooled for Alloy 6

P o 1 Position 2 Position 3

Fig. 9 Microhardness of Alloy 6 soaked at 1160 °C for 10 h and then air cooled

only blocky Laves phase is formed because of the low
nucleation rate of Laves phase.

The result in this work reveals that P does not
noticeably influence the chemical composition of the
dendrite core. Compared with lower P addition alloy, the
content of Nb and Ti in the residual liquid in higher P
addition alloy is lower, because there is more residual
liquid at the same temperature. Therefore, when Laves
phase starts to precipitate in lower P addition alloy,
higher P addition alloy must be further cooled and
subsequently Laves phase could begin to precipitate.
This is the reason why P reduces the melting temperature
of Laves phase in IN706 alloy.

P is co-segregated with Nb and Ti in Ni-based
superalloys [15—17], which will prevent the diffusion of
Nb and Ti atoms during the dissolution of Laves phase.
Consequently, high concentrations of Nb and Ti atoms
are still remained around the dissolved Laves phase.
During the cooling process after the dissolution of Laves
phase at 1160jk °C, lower cooling rate may lead to the
formation of y" and y” phases in the high content area of
Nb and Ti atoms. As a result, the “dark area” is formed in
the air cooled higher P addition alloy at the site that
Laves phase once precipitated. And the result in Fig. 9
verifies that the precipitation of y’ and y” phases in “dark
area” is heavier than that at the neighbor area.
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5 Conclusions

1) P refines the dendritic microstructure, enlarges
the interdendritic area, promotes the blocky Laves
formation and prevents the formation of Laves phase
with the eutectic form in the as-cast IN706 alloy, because
it is not dissolved in the y matrix and significantly retards
the solidification of y matrix.

2) P lowers the melting temperature of Laves phase,
inhibits the dissolution of Laves phase, and prolongs the
homogenization time, because it retards the diffusion of
Nb and Ti atoms.

3) The critical P content is between 0.007% and
0.010% in IN706 alloy. When P exceeds the critical
content, the dendritic microstructure and melting
temperature of Laves phase are changed.

References

[1]  SCHILKE P W, PEPE J J, SCHWANT R C. Alloy 706 metallurgy
and turbine wheel application [C]// LORIA E A. Superalloys 718,
625, 706 and Various Derivatives. PA, USA: TMS, 1994: 1-12.

[2] SCHILKE P W, SCHWANT R C. Alloy 706 use, process
optimization, and future directions for GE gas turbine rotor materials
[C]// LORIA E A. Superalloys 718, 625, 706 and Various Derivatives.
PA, USA: TMS, 2001: 25-34.

[31 GURURAJA U V, SARKAR P, RAO M N. Manufacture and
property evaluation of super alloy 44Ni—14Cr—1.8Nb—1.7Ti—
1.5Mo0—0.3V—Fe (modified 706)-an experience [C]// Proceedings of
the 7th International Symposium on Superalloy 718 and Derivatives.
PA, USA: TMS, 2010: 237-242.

[4]  PETIT P, FESLAND J P. Manufacturing of large IN706 and IN718
forging parts [C]/ LORIA E A. Superalloys 718, 625, 706 and
Various Derivatives. PA, USA: TMS, 1997: 153—-162.

[S] SHIBATA T, TAKAHASHI T, TAIRA J, KURE T. Superalloy 706
large forgings by ESR [C]// LORIA E A. Superalloys 718, 625, 706
and Various Derivatives. PA, USA: TMS, 2001: 161-172.

[6] SCHONFELD K H, DONTH B, CAMBI M G, THAMBOO S V,
MANNING M P. Manufacturing and properties of a large alloy 706

(7

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[13]

[16]

[17]

2947

disc made by the open die forging process [C]/ LORIA E A.
Superalloys 718, 625, 706 and Various Derivatives. PA, USA: TMS,
2001: 185-192.

KINDRACHUK V, WANDERKA N, BANHART J, MUKHERII D,
GENOVESE D D, ROSLER J. Effect of rhenium addition on the
microstructure of superalloy Inconel 706 [J]. Acta Materialia, 2008,
56: 1609-1618.

MUKHERJI D, STRUNZ P, GENOVESE D D, GILLES R,
ROSLER J, WIEDENMANN A. Investigation of microstructural
changes in Inconel 706 at high temperatures by in-situ small-angle
neutron scattering [J]. Metallurgical and Materials Transaction A,
2003, 34A: 2781-2792.

FESLAND J P, PETIT P. Manufacturing alloy 706 forgings [C]/
LORIA E A. Superalloys 718, 625, 706 and Various Derivatives. PA,
USA: TMS, 1994: 229-238.

HUANG S, WANG L, LIAN X T, ZHAO G P, LI F F, ZHANG X M.
Hot deformation map and its application of GH4706 alloy [J].
International Journal of Minerals, Metallurgy and Materials, 2014,
21(5): 462—468.

SUN Wen-ru, GUO Shou-ren, GUO Jian-ting, LU De-zhong, HU
Effect
segregation and y-phase precipitation in GH761 alloy [J]. Acta
Metallurgica Sinica, 1995, 31(8): 346—350. (in Chinese)

GUO J T, ZHOU L Z. The effect of phosphorus, sulphur and silicon
on segregation, solidification and mechanical properties of cast alloy
718 [C]// KISSINGER R D. Superalloys 1996. PA, USA: TMS, 1996:
451-455.

MIAO Zhu-jun, SHAN Ai-dang, WU Yuan-biao, LU Jun, HU Ying,
LIU Jun-liang, SONG Hong-wei. Effects of P and B addition on
as-cast microstructure and homogenization parameter of Inconel 718
alloy [J]. Transactions of Nonferrous Metals Society of China, 2012,
22:318-323.

XIN Xin, HUANG Ai-hua, QI Feng, ZHANG Wei-hong, LIU Fang,
YANG Hong-cai, SUN Wen-ru, HU Zhuang-qi. Effects of P content
on (Laves+y) eutectic reaction during Inconel 706 alloy solidification
[J]. Acta Metallurgica Sinica, 2010, 46(7): 873—878. (in Chinese)
DING R. Grain boundary segregation in Ni-base (718 plus)

Zhuang-qi. of phosphorus on solidification, element

superalloy [J]. Materials Science and Technology, 2010, 26(1):
36—40.

DONG J X, ZHANG M C, XIE X S, THOMPSON R G. Interfacial
segregation and cosegregation behavior in a nickel-base alloy 718 [J].
Materials Science and Engineering A, 2002, 328: 8—13.

LI L, LIU E B, LI Q F, LI Z. Non-equilibrium grain boundary
cosegregation of Mo and P [J]. Applied Surface Science, 2006, 252:
3989-3992.

HREENT INT06 & &5 2H 40 K 1 510 AL TR B 221

wr

ol
w

FNTAE !, FhERag !

ChEEREEE SRS

WO WFREEHmIES IN706 &4 554
SR ALR . BENH Laves #HLLE

LB AL PRI 5

T,

FRED?, AR

YR 110016
2. EPJ’%]ET&MI?H%@W%ML(%)ﬁ‘rﬁﬁﬁﬁﬁa,

YR 110043

My, 5K, BT Laves MHrp, BEMNE
EIESHTH, (HAERE Laves AHCAHOIRIEZSNTH . BEAIALR MAIZ], JEHY K

Bedi o TR B P AR SRR T AR y FEAR IR RAS AR EEANRS p SEARBE R (O BLAS TSR K. Behh, WA

THAK Laves AHMIA i, RIS, WERRLAS Laves AR LA RAS ST 5B B (70 R Y L. Wil

EA O EIR Y A AR
KR B ImER; IN706 &4 Laves A

pURIER YW

(Edited by Yun-bin HE)



