PRl 7y E LR ¢ & 82F

ek SEE L

RAVEIREEM 2 32 1 B Y

B SRR G R)

S
HEYRF
H o7 HE =

DO s A

: NSC 95-2221-E-002-114-

95 08" 01 px 96077 31p
FRZ AR TR R T

AR
: Tai_l fr,{:rm 4_,;1\ T RsIE Jf#pg A
FALriEmy 4 -fliEesE i K

PR RBERFLCHEEFL I F LB
DAV ET R A
PooE R R 96 120 07



On The Riser Design of Cast Irons With Low Thermal Expansion Coefficient
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ABSTRACT

The objective of this study is to evaluate the castability, alloy solidification shrinkage and the riser design in particular, of low
thermal expansion (LTE) cast irons with relatively low C and Si content (< 2.0%). The solidification temperatures as well as
the solidification shrinkage and solid contraction were analyzed, and also the riser design was performed in this work.
Thermal analyses results indicate that the alloy liquidus temperatures are closely related with the CE value. In addition, the
amounts of solidification shrinkage were measured to be around 5% for 1%C-1%Si-35%Ni FG irons, and around 6.5% for
SG irons of similar compositions, with a difference of some 1.5%. Furthermore, the percent solidification shrinkage
decreases as the Co content increases from nil to 6% at a constant NiE, with a0.35% reduction for each 1% Co substitution
for an equivalent amount of Ni. Increasing C and Si contents reduces the amount of solidification shrinkage, but no
noticeable effect of substitution of Co for Ni on solidification shrinkage was obtained as C and Si were increased. Finaly, the
optimal riser designs for LTE cast irons with various compositions were attained.

INTRODUCTION

In high-precision machining, semi-conductor manufacturing processes and pairs of conjugated rotating components, all of
which generate heat, the demand for a high dimensional accuracy under the influence of thermal heat continuously increases.
Alloys with low thermal expansion coefficients (o) are suitable for such applications.

Guillaume developed Invar (Fe-Ni alloys) in 1896. The a values of Invar are quite low, typically at (1 ~ 3) x 10%°C (or (0.56
~ 1.67) x 10°%/°F) (ASM Metals Handbook, 10" ed., Vol. 2, 1990). However, the low C and Si contents (C<0.2%, Si<0.4%)
and the austenitic phase in the microstructure cause Invar to exhibit relatively poor machinability and castability. In 1927, the
International Nickel Company developed a series of high-Ni austenitic cast irons (later specified as ASTM “Ni-resist”) for
various specia applications. Of the ASTM Ni-resist aloys, Alloy D-5, which contains 34 ~ 36% Ni was designated for usein
applications that require low thermal expansion. This high-Ni austenitic cast iron has o value of about (5 ~ 6) x 10°%°C (or
(2.8 ~3.3) x 10%°F), which is around one-third to one-half that of the ordinary cast irons (INCO, 1970, ASM Metals
Handbook, 10" ed., Vol. 1, 1990). The relatively high C and Si contents and the presence of the graphite phase in the
microstructure allow Alloy D-5 to have much better machinability and castability than Invar. However, the coefficients of
Alloy D-5 are still too high for specific applications.

In the authors’ earlier work (Pan et. al., 2003), issues such as developing cast irons with low thermal expansion coefficient
with the o value approaching that of Invar, the recovery of alloying elements on melting and the solidification characteristics
of the developed alloys, were investigated. The results show that a decreases as C and/or Si contents (or CE) decreases. Cast
irons with anominal composition of 1.0%C-1.0%Si-36%Ni have o values obtained in the temperature range 50 ~ 150°C of
(2.3~3.3) x 10%°C for FG iron and (3.5 ~ 3.8) x 10°%°C for SG iron, respectively. Coefficients can be further reduced by
replacing some Ni with Co at a constant NiE of 36%. For instance, o values in the range of (1.2 ~ 2.5) x 10°%/°C have been
achieved for alloys with anominal composition of 1.0%C-1.0%Si-30%Ni-6%Co.

The development of low thermal expansion (LTE) graphite cast irons has led to the conclusions that relatively low a values
can be obtained mainly by reducing C and/or Si contents. However, both machinability and castability are expected to fall as
the C and Si contents decline. In the authors’ another work (Pan et. a. 2005), the machinability of LTE cast irons had been
studied. The objective of this study isto evaluate the castability, alloy solidification shrinkage and the riser designin
particular, of LTE graphite cast irons with relatively low C and Si contents (both are less than 2.0%).

EXPERIMENTAL

ALLOY DESIGN



Table 1 presents the aloy design for this study. Two nominal levels of C and Si were considered — 1.0%C-1.0%Si and
2.0%C-2.0%Si, and two nominal combinations of Ni and Co were evaluated — 35%Ni and 29%Ni+6%Co, for both gray and
ductile irons. The chemical analyses of al heats are presented in Table 2.

Table 1. Summary of Alloy Design

Hea Chemical composition, % Greotitet
tNo_ C S| N| CO I’ap Ie ype
Al 1.0 1.0 35 0
A2 1.0 1.0 29 6
A3 2.0 2.0 35 0 Flaky
A4 2.0 2.0 29 6
B1 1.0 1.0 35 0
B2 1.0 1.0 29 6 .

heroidal

B3 2.0 2.0 35 0 Spheroi
B4 2.0 2.0 29 6

Table 2. Chemical Analyses of All Heats

Heat No. C, % Si, % Ni, % Co, % Mg, %
Al 0.95 0.93 33.6 - -
A2 0.96 1.02 294 6.1 -
A3 2.06 211 35.4 - -
A4 1.82 2.13 294 6.1 -
Bl 0.97 111 355 - 0.026
B2 114 1.05 27.6 5.9 0.019
B3 1.83 2.19 34.3 - 0.021
B4 2.20 2.23 285 6.3 0.026

ANALYSES OF SOLIDIFICATION TEMPERATURES

The analyses of the solidification cooling curves were conducted by equipping S-type thermocouples at the center of shell
molds, 40mm x 60 mm L. A typical solidification cooling curveisillustrated in Fig. 1, where the liquidus temperature (the
primary arrest, T,) and the eutectic temperatures (the eutectic arrest) are indicated. Regarding the eutectic arrest temperature,
for the apparatus employed in the present study, one can see that the eutectic reaction occurred at continuing decreasing
temperatures. For the sake of discussion, the beginning and the end of the eutectic reaction are respectively denoted as Tg;
and Tg,.
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Fig. 1. An example of the solidification cooling curve.



MEASUREMENTS OF SOLIDIFICATION AND SOLID SHRINKAGES

In order to study the mode and amounts of solidification shrinkage and solid contraction, the mold design asillustrated in Fig.
2 was employed (Harinath et al., 1979). The dimensions of a block-shaped pattern (casting) are shown in Fig. 3. The molds
were made by CO2 process. When castings were poured and cooled, and then sectioned, various shrinkages can be observed.
A schematic illustration of various solidification and solid shrinkagesis depicted in Fig. 4. For detailed analysis, both the
internal shrinkages (the pipe and the internal dispersed porosity) and the external shrinkages (the surface sink and the contour
contraction) were considered and determined by volume and density measurements of the poured castings. In this study, both
the internal shrinkages (the pipe ( Vpipe) and the internal dispersed porosity (Vinternal)) and the external shrinkages (the
contour contraction and the surface sink), Vexternal, asillustrated in Fig. 4 (Patterson et al., 1962), were considered and
determined by volume and density measurements (Archimedes’ principle). The determinations of various types of shrinkages
are stated below:

V¢l = The volume of the solidified casting measured by Archimedes’ principle without sealing the pipe opening.

V2 = The volume of the solidified casting measured by Archimedes’ principle by sealing the pipe opening.

Vp = The volume of the original pattern.

Di = The density of the specimens taken from a Keel-block mold which was concurrently cast from the same melt, where a
sound casting without the presence of porosity is assumed.

Wc = The casting weight.

From the measurements of V¢, Vo, Vp, Di and W,, the amount of various types of shrinkages, V pipes Vinterna @10 V external, Can
be calculated as follows:

Viipe=Ve = Va
Virtena = Va — W/ D
V external = fo Ve

The gross shrinkage which includes solidification shrinkage and solid contraction is equal t0 Vipet Vinema + Vextema- The
solid contraction is defined as the contraction of the casting from the solidified temperature to the ambient temperature,
which is calculated by the temperature change and the thermal expansion coefficient. Then, the solidification shrinkage can

be determined by contracting the solid contraction from the gross shrinkage.

E Pouring basin Top

47.9
N
) S Overflow core 115.7
): e
Overflow Casting Total volume
=553 mm®
L~ Primary mold
Bottom 47.1

999 unit: mm

Fig. 2. Mold design for solidification and solid Fig. 3. Pattern (casting) for solidification and solid

shrinkage test. shrinkage test.
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Fig. 4. A schematic illustration of various shrinkages.

RISER DESIGN

In this study, the riser design for the alloys studied, owing to their relatively low C and Si contents, was performed based
upon the concept of cast steel (Chvorinov, 1940, Woldawer, 1966). The Geometric method devel oped by Heine (Heine, 1963)
was adopted here for the riser design. Following is abrief review of the Geometric method. A complete riser system includes
three sections: (1) the feeding section, (2) the pressure section, and (3) the riser base, asillustrated in Fig. 5. The feeding
section serves as areservoir that provides liquid metal to compensate for the solidification shrinkage of the casting. The
pressure section is optionally added to ensure the feeding section being above the casting to achieve efficient feeding. While,
the riser base serves as a channel between the feeding section and the casting. For aside-riser, all the three sections are
usually required, whereas, only the feeding section is required for atop-riser.

«—— D —>

w De w _ _
7y T the feeding section
He (Pipe)

H,, | (the pressure section)

JB l

(theriser base)
A 4 l

Fig. 5. A complete riser system for the Geometric method.

Regarding the feeding section, it is further divided to two sub-sections, namely, the outer ring with a shell thickness of w and
the central pipe section with a diameter D, and a height H,. The diameter and the height of the feeding section are Dg and Hp,
respectively, where Dg = 2w + D,,. On the other hand, the shell thickness w is equal to 2M., where M is the casting modul us.
Furthermore, the volume of the pipe, ( 7 Dp2 Hp) / 4, is equal to the amount of the solidification shrinkage of the casting alloy,
namely, (7 D,[,2 Hp)/ 4=bx V., whereb is the percent solidification shrinkage and V. is the casting volume. Based upon the
data of casting volume (V,), percent solidification shrinkage (b), and casting modulus (M), together with the assumption of
Hp =nD,(nisnormally 1 ~3), the dimensions of the feeding section, Dg and Hp, can be readily obtained.

The experimental setup for evaluating the feeding efficient of variousriser sizesisillustrated in Fig. 6, which includes a
pouring basin, an overflow, ariser mold and a primary mold. The molds were made by the CO, process, and the treatment



temperatures were set at (T, + 200°C) for FG irons and at (T, + 250°C) for SG irons. After treatments, the melt was poured
immediately into the molds,

Pouring basin

Riser

Overflow Riser mold

Casting

>
\/— Primary mold

Fig. 6. An assembly mold design for the feeding test of risers.

RESULTS AND DISCUSSION

The solidification temperatures for the low C and Si LTE graphite cast irons had been investigated in authors’ previous work
(Pan, et.al. 2003), and a brief summary of the results is presented here. The relationship between the liquidus temperatures
and the CE value for both FG and SG cast irons are shown in Figs. 7(a) and 7(b), respectively. The CE is defined as: CE =
%C + 0.33 %Si + 0.047 %Ni — 0.0055 (%Ni x %Si) (Schelleng, 1960). Notein Fig. 7 that the liquidus temperature decreases
with increasing CE value. Here, non-linear regression equations were derived for both FG and SG irons as follows:

For FGirons: T, (°C) =- 7.9 (CE)?— 43 (CE) + 1535 (R?=0.97) Equation 1
For SGirons: T, (°C) = - 21.4 (CE)®>- 6 (CE) + 1535 (R?=0.94) Equation 2
1400 1400
1350 [ 1350 |
OO Oo :
g 1300 [ g 1300 [ A
=) =]
® B
. g
g 1250 g 1250 : .
[ r - i A
i T = -7.9(CE)® - 43.0(CE)+ 1535 i
1200 [ t ( E)2 (Ce+ 1200 | T.=-21.4(CE)’ - 6.0(CE) + 1535
(R*=0.97) — 2
i ] (R°=094)
1150 e 1150 — —
25 30 35 4.0 45 25 3.0 35 4.0 45
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7(a) FG irons 7(b) SGirons

Fig. 7. The liquidus temperature with respect to CE value.

It has been well realized that in the Fe-C-Si system the eutectic temperatures of both the stable and metastable reactions are
influenced mainly by the Si content. Therefore, change in eutectic temperatures (Te; and Tey) as affected by the Si content
was first plotted, with the results being depicted in Fig. 8(a) and Fig. 8(b) for flake and spheroidal graphite irons, respectively.



The regression analyses were also performed with the prediction equations being denoted in the figures.

It can be noticed that all the above four coefficients of determination are relatively low, implying that the Si alone asthe
dependent variable may not be sufficient enough to attain good correlation with the eutectic temperatures. It should be
recognized that the alloys studied herein contain not only Si but also a substantial amount of Ni, and in some cases some
amounts of Co. The role of Ni should not be ignored due to its similarity in metallurgical effect as Si though with different
(less) degree. Therefore, both the effects of Si and Ni are considered and combined into a single parameter, i.e., silicon
equivaent (S.E.), where Si.E. = %Si + 0.141%Ni + 0.0165(%Si x %Ni). Again, when the relationships between the eutectic
temperature and Si.E were plotted, the results are shown in Fig. 9(a) and Fig. 9(b) for FG irons and SG irons, respectively.
However, the coefficients of determination of the regression equations derived are till relatively low.

1350 r 1350
[ ° 15 = . =1 =)
1300 — 1300 —
O r OU -
U 1050 Te1 = 33.4(Si) + 1164.5 g 1950 Te1 =30.7(S) + 1163.8
= 2 _ o =) (R*=058) o 0
g . (R =0.80) g tg i : =
L - m}
g.lzoo - %‘ 1200 | i‘ , : =
— ; Tep = 34.8(S)+ 1147.7 = 1150 . : " Te, =36.0(S)) +1134.6
1150 (R?=0.84) . 5
I 7 (R*=0.55)
1100 L——— 1100 ———— S
05 1.0 15 20 25 0.5 1.0 15 2.0 25
Si, %. Si, %
8(a) FG irons 8(b) SGirons
Fig. 8. The euetectic temperature with respect to Si value.
1350 1350
: ‘ Y TERL " TE2 ‘ . =1 " TE2
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@) , O I
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£ 1250 | ®=0w), 5 1200 (R =053) o s
‘g r § QO o C o O =
L ) L
o o g 2o |
- ! . W - :
1150 F Te, = 33.5(SE) + 1017.2 1150 | Teo= 47.3(SE)+ 933.7
7 (R =0.35) I (R*=052)
1100 ———— —— —— — 1100 ———— —— EE—
45 50 55 6.0 6.5 4.5 5.0 55 6.0 6.5
SE, % SIE, %
9(a) FG irons 9(b) SGirons

Fig. 9. The euetectic temperature with respect to SiE value.

ANALYSES OF SOLIDIFICATION AND SOLID SHRINKAGES

A typical example depicting the contour and the sectioned view of a casting is shown in Fig. 10, where the presence of a pipe,
internal porosities and surface sinks are evident. The data for the gross shrinkage (includes both solidification shrinkage and
solid contraction) and solid contraction for all the alloys studied are listed in Table 3 and Table 4, respectively. The gross
shrinkage for the 1.0%C-1.0%Si alloys with different Ni and Co combinations are shown in Fig. 11(a) for FG irons and Fig.
11(b) for SGirons. The gross shrinkage is lower for FG irons (7.35% ~ 9.73%) than for SG irons (9.07% ~ 11.17%), with a
difference of some 1.5%. Further, if the solid contraction was excluded and only the solidification shrinkage was considered,
asimilar trend was obtained, namely, (2.91% ~ 5.2%) for FG irons and (4.51% ~ 6.48%) for SG irons, and again with a



difference of some 1.5%, Fig. 12. Further analysisindicated that the gross shrinkage decreases as the Co content increases
from 0 to 6% at a constant NiE, with a 0.35% reduction in solidification shrinkage for each 1% Co substitution for an
equivalent amount of Ni. Based upon the results obtained herein, the amount of the solidification shrinkage of 3 ~ 5% can be
adopted for FG ironsthat contain 1.0%C and 1.0%Si, while an additional 1.5% should be added for ductile irons of similar

compositions.

Fig. 10. A sectional view of a typical solidification shrinkage test casting.

Table 3. Results of Gross Shrinkage (Vexternar#Vpipe +Vinternat) Of All Alloys Studied

Heat meazatrtgrrr?ents meec\:wa?elz%gents Calculated results
No. Wi Vi Di Wc Vcl Vc2 AVexternal AVpipe AVintern.a\l AVgr0$
g em® [gem®| g |emPlem®|em®| % | em® | % [em®| % | em® | %
Al | 4378 | 564 7.77 | 3953 | 525|514 |38.7|169|110|20(51|09|548| 9.7
A2 | 4390 | 564 7.78 | 4068 | 551 | 527 | 13.0|23|240|43(44|08|415| 74
A3 | 4241 | 564 752 | 3948 | 543|528 | 21.0|3.7|150|27(30|05|390]| 69
A4 | 4303 | 546 7.63 | 3992 | 543 | 527 | 21.0|3.7|16.0|28(4.0|0.7|410| 7.3
B1 | 4372 | 564 7.77 | 3878 | 517 | 508 | 45.2|81| 84 |15(88|16|629|11.2
B2 | 4416 | 564 7.83 | 4016 | 543|522 | 21.0|3.7|210(3.7(91|16|511| 91
B3 | 4235 | 564 751 | 3861 | 542 | 518 | 23.7 | 4.2|16.2|29|3.8|0.7|40.7| 7.8
B4 | 4224 | 564 749 | 3890 | 544 | 5231 215|38|183(33(36|06|401| 7.7
Table 4. Estimations of Solid Contraction
Original volume: 553 cm® | Height Top end Bottom end Sgﬂ}?nuer cor%?e!\gi on
Heat T E2 EXpan Coeff. H L top Wtop L bottom Wbottom Vcontour AV contour
No.| oc cm/cm cm cm cm cm cm cm® | em®| %
Al| 1180 0.01533 11.39 9.98 4,72 9.84 4.64 5279 | 25.1|4.53
A2 | 1170 0.01501 11.40 9.98 4,72 9.84 4.64 528.4 | 246|444
A3 | 1227 0.01797 11.36 9.95 4.70 9.81 4.63 523.6 | 29.4|5.30
Ad | 1226 0.01666 11.38 9.96 471 9.82 4.63 525.7 | 27.3|4.91
B1| 1182 0.01589 11.39 9.97 471 9.83 4.64 527.0 | 26.0 | 4.69
B2 | 1170 0.01543 11.39 9.97 4,72 9.84 4.64 527.7 | 25.3 | 4.56
B3 | 1217 0.01669 11.38 9.96 471 9.82 4.63 525.7 | 27.3|4.91
B4 | 1195 0.01787 11.36 9.95 4.70 9.81 4.63 523.9 | 29.1|5.27
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Fig. 11. A comparison of the gross shrinkage of irons (1%C+1%Si) with different combinations of Ni and Co.
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Fig. 12. A comparison of the solidification shrinkage of irons (1%C+1% Si) with different combinations of Ni and Co.

The gross shrinkage (both solidification shrinkage and solid contraction) for the 2.0%C-2.0%Si alloys with different Ni and
Co combinations are shown in Fig. 13(a) for FG irons and Fig. 13(b) for SG irons. Noting that the differencesin gross
shrinkage between FG irons and SG irons are around 0.5% ~0.8%. However, the gross shrinkages remain more or less
unchanged for both FG irons (6.9% ~ 7.3%) and SG irons (7.7% ~ 7.8%) asthe Co content increases from 0 to 6% at a
constant NiE. Furthermore, if the solid contraction was excluded and only the solidification shrinkage was considered, a
similar trend was obtained, (1.6% ~ 2.4%) for FG irons and (2.4% ~ 2.9%) for SG irons, with again a difference of 0.5% ~
0.8 %, Fig. 14. It is apparent that |ess shrinkage for 2.09%C-2.0%Si aloys was obtained when compared with 1.0%C-1.0%Si

aloys.
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Fig. 13. A comparison of the gross shrinkage of irons (2%C+2%Si) with different combinations of Ni and Co.
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Fig. 14. A comparison of the solidification shrinkage of irons (2%C+2% Si) with different combinations of Ni and Co.

RISER DESIGN

The data needed for the riser design include percent solidification shrinkage of the alloys, casting volume, casting modulus
and the ratio between diameter and height of the pipe section in the riser, which are listed in Table 5 for the alloys studied.
Based upon the datain Table 5, the theoretical optimal riser sizes for each alloy were calculated and are presented also in
Table 5. Based on the calculated optimal riser sizes, a series of variousriser sizes, including both smaller and larger than the
calculated optimal values, were selected for further experimental verification in order to attain the actual optimal riser sizes.
The experimental designs are presented in Table 6 for aloys containing 1%C-1%Si-Ni-Co, and Table 7 for alloys containing
2%C-2%Si-Ni-Co.



Table 5. Data for Riser Design and the Optimal Riser Dimensions for Various Alloys by Calculation

. Solidification Casting Optimal Riser Size(Calculated)
Alloy Casting Volume, Vc Shrinkage, b modulus, Mc Dr Hg
0, -10, i 0, i
e éé) iS:oiS /NI 553cm’ 5.2% 1.26cm 7.3cm 6.9cm
0, -10, i 0, 1-R0
1%C 1A)§|Gzis: £N| 6%Co 5530 2.9% 1.26cm 6.9cm 5.7cm
0, -10, i 0, i
e ééo i%ois N 553cm’ 6.5% 1.26cm 7.5cm 7.4cm
0, -10, i 0, 1-R0
1%C 1@26 2i?£N| 6%Co 5530 4.5% 1.26cm 7.2cm 6.6cm
0, _0, i 0, i
e ééo iS:oiS N 553cm’ 1.6% 1.26cm 6.1cm 4.7cm
0, _0, i 0, 1-R0,
2%C 2/o|§|G2i? 0/:;]N| 6%Co 553crm? 2 4% 1.26cm 6.8cm 5.3cm
0, _0, = 0, 1
2 éé) isroiS VoNI 553cm’ 2.9% 1.26cm 6.9cm 5.7cm
0, _0, i 0, 1-R0,
2%C 2/02(3 zl? 0/:;]N| 6%Co 553crm? 2 4% 1.26cm 6.8cm 5.3cm

Note : Assume Hp = 3Dp

Table 6. Experimental Design of Risers for Alloys Containing 1%C-1%Si-Ni-Co

Heat No. Casting Riser (mm) Riser neck (mm) Mg (mm) Mg/ M¢
All D=55> H=55 D=33> H=10 11 0.87
Al12 D=60> H=60 D=36>H=10 12 0.95
Al Al3 D=65> H=65 D=39°> H=10 13 1.03
Al4 D=70> H=70 D=42->H=10 14 1.11
A15 D=80:> H=80 D=40-H=10 16 1.27
Al6 D=90> H=90 D=45>H=10 18 1.43
A21 D=55> H=55 D=33> H=10 11 0.87
A22 D=60> H=60 D=36->H=10 12 0.95
A2 A23 D=65> H=65 D=39> H=10 13 1.03
A24 D=70>H=70 D=42>H=10 14 1.11
A25 D=80> H=80 D=40-H=10 16 1.27
A26 D=90> H=90 D=45->H=10 18 1.43
B11 D=55> H=55 D=33> H=10 11 0.87
B12 D=60> H=60 D=36->H=10 12 0.95
B1 B13 D=65> H=65 D=39> H=10 13 1.03
B14 D=70>H=70 D=42> H=10 14 1.11
B15 D=80> H=80 D=40-> H=10 16 1.27
B16 D=90> H=90 D=45->H=10 18 1.43
B21 D=55> H=55 D=33> H=10 11 0.87
B22 D=60> H=60 D=36°>H=10 12 0.95
B2 B23 D=65> H=65 D=39> H=10 13 1.03
B24 D=70> H=70 D=42->H=10 14 1.11
B25 D=80>H=80 D=40-> H=10 16 1.27
B26 D=90> H=90 D=45> H=10 18 1.43




Table 7. Experimental Design of Risers for Alloys Containing 2%C-2%Si-Ni-Co

Heat No. Casting. Riser (mm) Riser neck(mm) Mg (mm) Mg/ Mc
A3l D=30>H=30 D=20>H=10 6 0.48
A32 D=50> H=50 D=20->H=10 10 0.79
A3 A33 D=60>H=60 D=36>H=10 12 0.95
A34 D=70>H=70 D=42->H=10 14 111
A35 D=80>H=80 D=40-H=10 16 1.27
A4l D=30>H=30 D=20>H=10 6 0.48
A42 D=50> H=50 D=20>H=10 10 0.79
A4 A43 D=60> H=60 D=36>H=10 12 0.95
A44 D=70>H=70 D=42>H=10 14 111
A45 D=80>H=80 D=40>H=10 16 1.27
B31 D=30>H=30 D=20-H=10 6 0.48
B32 D=50> H=50 D=20->H=10 10 0.79
B3 B33 D=60> H=60 D=36>H=10 12 0.95
B34 D=70>H=70 D=42>H=10 14 111
B35 D=80>H=80 D=40->H=10 16 1.27
B36 D=90>H=90 D=45>H=10 18 1.43
B41 D=30>H=30 D=20>H=10 6 0.48
B42 D=50> H=50 D=20-H=10 10 0.79
B4 B43 D=60>H=60 D=36>H=10 12 0.95
B44 D=70>H=70 D=42>H=10 14 111
B45 D=80>H=80 D=40>H=10 16 1.27

1.0%C-1.0%Si-Ni-Co LTE Cast Irons

For 1.0%C-1.0%Si-35%Ni FG irons, for the range of the riser diameter (also the riser height) studied, 55mm ~ 90mm, the
experimental results that are shown in Fig. 15 indicate that when a 55mm-diameter riser (A11) was employed, obvious
macro-shrinkage porosity in the casting just under the riser neck and also a clear pipe inside the riser which extended to the
riser neck can be observed, indicating an inadequate riser design. When the riser diameter was increased to 70mm (A14),
shrinkage porosity can still be observed in the casting. However, when the riser diameter was further increased to 80mm
(A15) and above, sound castings without any trace of porosity were obtained.

Al11 (55mm) A4 (70mm) A15 (80mm)

Fig. 15. Sectional views of risers and castings for alloy Al (1.0%C+1.0%Si+35%Ni FG irons).

For 1.0%C-1.0%Si-29%Ni-6%Co FG irons, asimilar trend of reducing casting porosity with a gradual increase of riser
diameter with that of 1.0%C-1.0%Si-35%Ni FG irons was obtained (Fig. 16). However, a sound casting can be achieved with
ariser diameter of only 65mm (A23), implying that somewhat lessrisering isrequired for LTE FG irons when part of Ni is
replaced with Co. Theresults are in total agreement with the measurements of solidification shrinkage presented in the
previous section where less shrinkage was obtained for Co-containing (1%C-1%Si-29%Ni-6%Co) irons.
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A23 (65mm)

A21 (55mm)

Fig. 16. Sectional views of risers and castings for alloy A2 (1.0%C+1.0%Si+29%Ni+6%Co FG irons).

For 1.0%C-1.0%Si-35%Ni SG irons, the results that are shown in Fig. 17 indicate that the shrinkage porosity can be totally
eliminated only when the riser diameter was raised to 90mm (B16). Fig. 18 illustrates the experimental results for
1.0%C-1.0%Si-29%Ni-6%Co SG irons, where sound castings can be obtained when ariser diameter of 80mm (B25) was
employed. Asin LTE FGirons, lessrisering is required for 1.0%C-1.0%Si-29%Ni-6%Co SG irons than for
1.0%C-1.0%Si-35%Ni SG irons when both results of Fig. 17 and Fig. 18 are compared.

B14 (70mm)

B11 (55mm)

B15 (80mm) B16 (90mm)

Fig. 17 Sectional views of risers and castings for alloy B1 (1.0%C+1.0%Si+35%Ni SG irons).

B21 (55mm) B24 (70mm) B25 (80mm)

Fig. 18. Sectional views of risers and castings for alloy B2 (1.0%C+1.0%Si+29%Ni+6.0%Co SG irons).

2.0%C-2.0%Si-Ni-Co LTE Cast Irons

Fig. 19 shows the sectional views of castings with various riser sizes for 2.0%C-2.0%Si-35%Ni FG irons. When a
30mm-diameter riser (A31) was used, not only the whole riser was almost consumed, but also the casting exhibited serious
shrinkage porosity at the upper central region of the casting, indicating a substantial under-design of the riser. When the riser
diameter was increased to 60mm (A33), asignificant pipe in the riser was observed, which extended into the riser neck and
also the upper central portion of the casting, indicating still an insufficient riser design. Nevertheless, a sound casting was
obtained when the riser diameter was increased to 80mm (A35). For 2.0%C-2.0%Si-29%Ni-6%Co FG irons, similar results
were obtained as in 2.0%C-2.0%Si-35%Ni FG irons, with the optimum riser diameter of being 80mm (Fig. 20).




A31 (30mm) A33 (60mm) A34 (70mm) A35 (80mm)

Fig. 19. Sectional views of risers and castings for alloy A3 (2.0%C+2.0%Si+35%Ni FG irons).

A41 (30mm) A43 (60mm) A44 (70mm) A45 (80mm)

Fig. 20. Sectional views of risers and castings for alloy A4 (2.0%C+2.0%Si+29%Ni+6%Co FG irons).

The results for both 2.0%C-2.0%Si-35%Ni and 2.0%C-2.0%Si-29%Ni-6%Co SG irons that are shown in Fig. 21 and Fig. 22,
respectively, exhibit similar pattern, where scattered shrinkage porosity can still be detected when the riser diameter was
increased to 80mm (A45). It is then reasonable to expect that ariser diameter of around 90mm should be sufficient to achieve
sound castings. For 2.0%C-2.0%Si aloys, the substitution of part of Co for Ni did not exhibit any benefit in risering when
compared with aloys having lower C and Si contents. Furthermore, within the ranges of C and Si studied, increasing both
elements also did not show any expected benefit in risering.

B31 (30mm) B33 (60mm) B35 (80mm)

Fig.21. Sectional views of risers and castings for alloy B3 (2.0%C+2.0%Si+35%Ni SG irons).

B41 (30mm) B43 (60mm) B45 (80mm)

Fig.22. Sectional views of risers and castings for alloy B4 (1.0%C+1.0%Si+29%Ni+6.0%Co SG irons).



Table 8 summarizes the optimal ratios of the rise modulus (MR) to the casting modulus (M¢) for achieving sound castings for
various aloys, together with the data of percent solidification shrinkage and the optimal riser diameter.

Table 8. Optimal Ratios of Riser Modulus to Casting Modulus for Achieving Sound Casting for Various
Alloys Together With the Data of Percent Solidification Shrinkage and Optimal Riser Diameter

Alloy ?S'#Idr']‘;'ggagog‘ Ooptmal st | Optimal M/Mc
196C-1%Si-35%Ni FG iron 5.2% 80mm 127
196C-1%Si-29%Ni-6%Co FG iron 2.9% 65mm 103
196C-1%Si-35%Ni SG iron 6.5% 90mm 143
196C-1%Si-29%Ni-6%Co SG Iron 4.5% 80mm 127
206C-29Si-35%Ni FG iron 16% 80mm 127
206C-2%Si-29%Ni-6%Co FG iron 2 4% 80mm 127
206C-296Si-35%Ni SG iron 2 9% ~ 90mm ~143
204C-2%Si-29%Ni-6%Co SG iron 2 4% ~ 90mm ~143

Effects of Insulating Sleeve and/or Exothermic Compounds on Risering

In order to realize the effectiveness of employing insulating sleeves and/or exothermic compounds on risering, Alloys A1, A3,
B1 and B3 were selected for investigation. However, it has to be noted that, due to the size standardization of the
commercially supplied insulating sleeves, only limited variation in sleeve diameter are available. The experimental design is
shown in Table 9.

Table 9. Experimental Design of Risers Incorporating With Insulating Sleeve and/or Exothermic Compounds

Riser condition Heat No. | Casting Riser size(mm)

Al-l D=50, H=50

Al Al-1l D=60 , H=60

Al-111 D=70, H=70

A3-l D=50, H=50

A3 A3l D=60 , H=60

Riser with insulating A3l D=70, H=70

Seeve B1-l D=50, H=50

Bl B1-ll D=60 , H=60

B1-111 D=70, H=70

B3-I D=60 , H=60

B3 B3-l1 D=70, H=70

B3-11l D=80, H=80

Riser with insulating Al Al-1V D=50 , H=30
sleeve & exothermic

compounds A3 A3V D=50, H=30




For Alloy A1 (1.0%C-1.0%Si-35%Ni FG irons), when an insulating sleeve was used, ariser with a 50mm diameter (A1-1)
has been found sufficient for attaining a sound casting (Fig. 23), areduction of some 76% in riser volume was obtained when
compared with the case without employing insulating sleeve, where ariser diameter of 80mm is required. Furthermore, the
required riser size can be further reduced to D=50mm & H=30mm (A 1-1V) when both an insulating sleeve and exothermic
compounds were employed, with areduction of riser volume of over 85%. For Alloy A3 (2.0%C-2.0%Si-35%Ni FG irons),
sound castings can be achieved with ariser diameter of 60mm (A3-11) when employing an insulating sleeve alone, and with a
riser of D=50mm & H=30mm (A3-1V) when employing both an insulating sleeve and exothermic compounds (Fig. 24),
corresponding to 58% and over 85% reduction in riser volume, respectively, when compared with the case without
employing insulating sleeve and exothermic compounds (80mm diameter). Similar results were obtained for Alloys B1 and
B3. Table 10 and Fig. 25 summarize the percent reduction in riser volume by employing insulating sleeve and/or exothermic
compounds.

A15 (80mm) Al-l (50mm)
23(a) plain riser 23(b) riser with insulating sleeve

Fig.23. Sectional views of risers and castings for alloy Al (1%C+1%Si+35%Ni FG irons).

A35 (80mm) A3-Il (60mm) A3-1V (50mm)

24(a) plain riser 24(b) riser with insulating sleeve 24(c) riser with insulating sleeve and
exothermic compounds

Fig. 24. Sectional views of risers and castings for alloy A3 (1%C+1%Si+35%Ni FG irons).

Table 10. Required Riser Volume and Percent Reduction in Riser Volume by Employing Insulating Sleeve
and/or Exothermic Compounds

Heat o Riser with | peqiction of |RISrWithsleeve& | oy ction of
No. Plain riser |n§uelgtugg riser volume gg%ggm&g riser volume
Al| 402.1cm® 98.6 cm® 76 % 59 cm?® 85%

A3 | 4021cm® | 169.6cm® 58 % 59 cm® 85%
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Fig. 25. Percent reduction in riser volume by employing insulating sleeve and/or exothermic compounds.

CONCLUSIONS

(1) Theliquidus temperature of the low thermal expansion cast ironsis closely correlated with the CE, where CE =
%C+0.33x%Si+0.047x%Ni-0.0055x (%6Nix%Si). However, the eutectic temperatures are fairly correlated with the Si
content or SEE value.

(2) The measurements of alloy solidification shrinkage and solid contraction indicate that the percent solidification
shrinkage for FG irons that contain 1.0%C, 1.0%Si and 36%Ni is about 5.2%, while an additional 1.5% should be added
for SG irons of similar compositions. In addition, a 0.35% reduction in solidification shrinkage for each 1% Co
replacement was obtained. Increasing C and Si contents reduces the amount of solidification shrinkage somewhat, and
(1.6% ~ 2.4%) for FG irons and (2.4% ~ 2.9%) for SG irons, with a difference of 0.5% ~ 0.8 %, were obtained. While,
no noticeable change in solidification shrinkage was obtained with substitution of Co for Ni in 2.0%C/2.0%Si irons of
both FG and SG type.

(3) The optimal riser designs for LTE cast irons with various compositions were attained. The experimental results indicate
that the optimal ratios of the riser modulus (Mg) to the casting modulus (M) for achieving sound castings are around
1.27 and 1.43 for FG irons and SG irons, respectively. In addition, the riser requirement is substantially reduced when
insulating sleeves and/or exothermic compounds were employed.
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