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Linear contraction of sand casting Mg—9Gd—3Y—0.5Zr alloy
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Abstract: The effect of geometric characteristics of castings on the linear contraction of sand casting Mg—9Gd—-3Y—
0.5Zr alloy (VW93) was studied. The dimensions of free and restrained structure castings were precisely extracted by a
3D scanner and then used for the calculation of the contraction coefficient. The ratio of sand core volume to enveloping
volume of casting (y), was introduced to quantify the degree of constraint caused by sand cores. According to the
statistical distribution of free contraction coefficients and the evolution of restrained contraction coefficients against y, it
is indicated that the free contraction coefficient of VW93 alloy equals 1.96%, and the restrained contraction coefficient
declines linearly with the increasing y, which supplies support on predicting the contraction of VW93 alloy through the

geometric characteristic of castings.
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1 Introduction

Magnesium alloys with high content of rare
earth elements possessing high specific strength and
heat resistance have been attracting large amounts
of investigations [1,2] on the microstructure
evolution [3—5], strengthening mechanism [6—8],
and failure behavior [9], driving remarkable
applications [10,11] of these alloys in aerospace
manufacturing. For an instance, Mg—9Gd—3Y—
0.5Zr alloy has been applied as the structure
material for key equipment of some aircraft.
However, the challenge of ensuring dimensional
compliance remains in the process of sand casting
that is considered as the primary method of
fabricating the alloys into engineering parts [12,13].
For large and complex parts formed by sand casting,

the dimensional deviation of the castings brings
obstructs into subsequent machining adjustment and
even leads to the scrapping of the parts [14].
Contraction of the alloy upon solidification and
cooling is the primary reason for dimensional
changes [15,16]. The key of dimension control of
casting requires finding a way or model to evaluate
the amount of its contraction, which is known as the
pattern allowance (PA, 4p) [14,17]:
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M
where Ly and Lc are the dimensions of pattern and
casting, respectively. According to this equation, Lc¢
equals Lm(1—A4p). Apparently, Lc depends on Lu
upon solidification and contraction of the casting
during solidification and cooling. Every procedure
from pouring to cooling is a potential factor that affects
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the dimension of the casting [18,19], so error
arising from PA can sometimes be corrected over a
long development period. In the production process,
the control of Lc¢ relies on a time-consuming
trial-and-error method that requires several design
iterations. Such modification on dimension
contributes much hidden part of the cost of a
qualified product. Therefore, the appropriate
assignment of PA for Mg—9Gd—3Y—0.5Zr alloy has
vital importance to promote its engineering
application.

However, little direct research on the
contraction behavior of sand casting Mg—9Gd—-3Y-
0.5Zr alloy was reported. The investigations on the
nature and causes of dimension errors in the sand
casting of steels [14,17], cast irons [20—22] and
aluminum alloys [23,24] have paid focus on the
influence of casting geometry and mold restraint
and their interaction on the contraction behavior of
feature dimensions. KOCHAR [25] quantified the
impact of casting geometry and process variables
on the PA of steel and pointed out that the variation
due to the effect of geometry has a larger effect than
the variation due to the process. The envelope
density was proposed by CAMPBELL [26] to
evaluate the constrained contraction as a function of
casting geometry. In addition, CAMBELL et al
studied the influence of the degree of mold
constraint on the PA of grey iron [20], ductile
iron [21], and aluminum alloy [24]. Their
experiments were carried out by casting a series of
slender bars with flanges on both sides to induce
mold constraint, demonstrating that the PA of grey
iron, ductile iron, and aluminum alloy decreased
with the increase of the degree of mold constraint.
The mechanical interaction between casting and
mold was also responsible for the dimensional
changes of casting and has been the focus of
previous studies [27-30]. MOTOYAMA et al [29]
measured the dynamical dimensional changes of the
casting and the load on the casting from sand mold
by using a linear variable differential transformer
(LVDT), and found that the increase of dimensional
contraction as well as the release of contraction
stress occurred abruptly upon the shake-out of sand
mold. GALLES and BECKERMANN [14] studied
the effect of core expansion on distortions during
steel casting by measuring the evolution of the
cylinder’s internal diameter using LVDT. The sand
dilation due to the shear stress instead of thermal

expansion was found to be the dominant factor of
the increase in the internal diameter.

Although little direct research on the
contraction behavior of Mg—9Gd-3Y—0.5Zr alloy
during sand casting was carried out, the previous
studies on other alloys suggest that the casting
geometry and mold constraint account for the
majority of the dimensional changes of casting. In
this work, the influence of casting geometry and
mold constraint on the linear contraction of
Mg-9Gd—-3Y—-0.5Zr alloy was studied, and the
evolution of PA against geometric features under
free and restrained contraction was determined,
which may provide a guidance for dimension
control of large and complex Mg—RE alloy parts
manufactured by sand casting.

2 Experimental

The present study focused on the
determination of PA for a series of structures
containing cubic blocks, cylinders, hollow cylinders,
“I”-shapes, and frames, produced in furan resin
sand molds. Experimental procedures consist of
pattern design, mold preparation, melt preparation,
dimension measurements, and the measurement of
the coefficient of thermal expansion (CTE).

2.1 Pattern design

Pattern design is illustrated in Fig. 1. Two
types of pattern are designed: free contraction
shapes and constrained contraction shapes. The first
pattern consists of 8 cubic blocks (C1-C8) and
3 mm cylinders (R1-R3), as shown in Fig. 1(a).
Blocks (C1-C5) possess the same cross-section
(60 mm x 50 mm) and have an incremental length
from 200 to 400 mm (with an increment of 50 mm).
Blocks (C5—C8) and cylinders (R1-R3) are of
equal volume but have varying cross-sections and
lengths. The dimensions of blocks and cylinders are
shown in Table 1 and Table 2, respectively. As
shown in Fig. 1(b), the second pattern contains 5
frames (F1-F5), 2 hollow cylinders (R4 and R5),
and 2 “I”-shaped bars (Gl and G2). All patterns
have a height of 60 mm, frames (F1, F2, F4 and F5)
have the same thickness of 25 mm, and hollow
cylinders have the same external diameter of
160 mm. All dimensions marked in Fig. 1(b) are
shown in Table 3 (for F1-F5, G1 and G2) and Table
4 (for R4 and RYS).
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R1
@ C1-CS5: Constant cross-section

C5-C8: Constant volume
R1-R3: Constant volume

Fig. 1 Design of free (a) and constrained (b) contraction patterns (The dimensions of C1—-C8 along directions X, Y and Z
are shown in Table 1, and the diameter and height of R1—-R3 are shown in Table 2. The dimensions marked by arrows
with a number in (b) are shown in Table 3 (F1-F5, G1 and G2) and Table 4 (R4 and R5))

2.2 Mold preparation illustrated in Fig. 2, where the height of the sprue
The molds were prepared with furan resin and runner is 60 mm and the width of the ingate is
sand and the gating system was designed as 20 mm.
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Table 1 Mold dimensions and PA values along directions X, Y and Z and volume contraction of C1-C8

Direction X Direction Y Direction Z Volume
No. Ly/mm PA (S.D.)/% Ly/mm PA (S.D.)/% Ly/mm PA (S.D.)/% Vw/mm®  PA/%
Cl  201.15 1.84 (0.12) 50.61 2.89 (0.97) 60.00 0.57 (0.51) 613352 5.50
C2  250.24 1.91 (0.20) 50.35 2.74 (0.41) 60.00 1.38 (0.51) 766177 6.26
C3  300.29 1.80 (0.11) 50.79 2.58 (0.27) 60.00 0.90 (0.62) 918989 5.44
C4 35190 2.01 (0.05) 51.84 1.70 (0.60) 60.00 0.95 (0.57) 1071801  4.90
C5 398.95 1.91 (0.12) 48.21 3.46 (0.49) 60.00 0.08 (0.58) 1168087  5.37
C6 251.06 2.05 (0.36) 81.89 2.17 (0.32) 60.00 1.15(0.61) 1217864  4.88
C7  200.89 1.66 (0.09) 100.41 2.02 (0.42) 60.00 1.57 (1.38) 1210281  5.59
C8 161.13 2.16 (0.07) 125.77 2.18 (0.22) 60.00 1.37(1.42) 1215333 5.57

Table 2 Mold dimensions and PA values of radius and height and volume contraction of R1-R3

Diameter Height Volume
No. H/D
Ly/mm PA (S.D.)/% Ly/mm PA (S.D.)/% Vm/mm?3 PA/%
R1 97.30 3.36 (0.34) 160 1.69 (0.14) 1138454 8.54 1.64
R2 109.44 3.24 (0.39) 125 1.98(0.27) 1140366 8.21 1.14
R3 159.76 2.11 (0.07) 60 1.75 (1.19) 1189030 5.50 0.38

Table 3 Volume shrinkage, linear contraction for dimensions (Fig. 1(b)), and CVF of frames and “I”-shaped bars

Dimension F1 F2 F3 F4 F5 Gl G2
Volume Vm/mm?3 1002827 2327371 2652572 3651270 1456874 609968 786494
PA/% 5.85 5.19 6.72 6.04 5.68 5.49 5.14
) Ly/mm 60 60 60 60 60 60 60
Height PA(S.D.)/% 0.62(1.05) 0.22(0.52) 1.59(1.05) 0.37(0.85) 0.91(0.06) 0.09(0.29) 0.17(0.39)
Ly/mm 199.83 399.82 429.76 399.82 334.13 199.83 199.83
1 PA(S.D.)/% 1.71(0.19) 1.47(0.05) 1.64(0.24) 1.43(0.09) 1.50(0.11) 1.67(0.09) 1.71(0.06)
Ly/mm 150.17 350.18 350.19 350.19 255.70 150.17 150.17
2 PA(S.D.)% 1.16(0.10) 1.31(0.08) 1.24(0.10) 1.16(0.11) 1.27(0.12) 1.36(0.09) 1.32(0.14)
Ly/mm 199.83 199.82 199.80 399.82 24.83 104.82 134.82
. PA(S.D.)/% 1.61(0.14) 1.50(0.16) 1.87(0.11) 1.47(0.06) 2.26(0.55) 2.40(0.22) 2.00 (008)
Ly/mm 150.17 150.17 150.23 350.19 34.83 44.83
) PA(S.D.)/% 1.26(0.17) 1.25(0.06) 1.29(0.12) 1.25(0.07) 3.91(0.76) 3.23(0.93)
Ly/mm 24.83 24.83 24.83 24.83 24.82 24.82
> PA(S.D.)/% 3.55(0.79) 2.63(0.54) 3.64(0.49) 3.32(0.73) 2.66 (0.25) 2.86(0.61)
Ly/mm 34.81
¢ PA (S.D.)/% 2.55(1.51)
Ly/mm 44.81
7 PA (S.D.)/% 3.02 (1.93)
Ly/mm 54.82
PA (S.D.)/% 3.47(2.19)
CVF 0.5815 0.5129 0.4851 0.6193 0.5943 0.5159 0.5145

The numbers 1-8 correspond to the dimensions shown in Fig. 1(b); CVF means core volume factor
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Table 4 Linear and volume shrinkage of hollow cylinders (R4 and R5)
External radius Internal radius Wall thickness Height Volume
No. PA PA PA PA ; CVF
0
Luimm: o by IWMM g g DWW g b ey IWMM gy ey VmmT PASG
1.99 1.34 3.46 1.02
R4 159.76 (0.06) 110.24 0.12) 49.52 0.27) 60 (0.66) 606725 6.95 0.4624
2.05 1.23 3.14 1.13
RS 159.76 (0.08) 89.15 (0.02) 69.52 (0.19) 60 (0.33) 797402 6.36 0.3136

Fig. 2 Design of gating system (Sprues and runners have same height (60 mm), and ingates have same width (20 mm)

and height (30 mm))

2.3 Melt preparation

60 kg of pure Mg (99.9%) and master alloys
containing Mg—87Gd (wt.%), Mg—90Y, and Mg—
30Zr were melted in a steel crucible heated by a well-
resistance furnace. The mixing atmosphere of CO;
and SFs was employed to protect the melt from
burning. After holding at 750 °C for 10 min, the
melt was poured into sand molds. A separate chill
cast sample was taken from the ladle and used
to analyze the chemical composition determined by
inductively  couple  plasma-atomic
spectroscopy (ICP-AES).

emission

2.4 Dimension measurement
Conventional dimensional detection methods
(measurement tapes and calipers) inevitably introduce

the measurement errors that bring confounding to
the determination of dimensional changes. To
minimize the measurement error, the present work
employed a 3D scanner (HScan771 with an accuracy
of 0.02 mm) to collect and merge space points from
the measured shapes, constructing their digital 3D
models from which the geometric information
including dimension and volume was extracted.
Based on the constructed 3D models, 7 sets of data
were measured for each dimension of the studied
shapes (see Fig. 3) to perform further analysis.

2.5 Measurement of CTE

The CTE value of the studied alloy was tested
by thermal dilatometer (DIL 402 Expedis) from 25
to 500 °C.
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=

3D scan
Fig. 3 Process of dimension extraction from constructed digital 3D model

3 Results

The chemical composition of the studied alloy
is Mg—9.2Gd—3.1Y—0.5Zr in line with expectations.
All castings containing C1-C8, R1-RS5, F1-F5, G1,
and G2 are complete without lack of flesh, as
shown in Fig. S1 (Supplementary materials). The
mean value of CTE of the studied alloy is
30.15x107¢ K™, as shown in Fig. 4.

16
CTE=31.35x106K"!
14+ N
12+ CTE:30.35x10'6<‘ /
S 10f 61—
= CTE=29.76x10¢ K!
S 8
S |CTE=29.13x107K!
S 6
4 -
2 -
0

100 200 300 400 500
Temperature/°C

Fig. 4 Coefficient of thermal expansion (CTE) of

Mg—9.2Gd-3.1Y-0.5Zr alloy

3.1 Linear and volume contraction of free
contraction structures

The dimension comparisons between the
castings (C1—C8) and molds along X, Y, and Z
directions are shown in Fig. 5, and specific values
of PA and volume contraction are filled in Table 1.
As displayed in Fig. 5, the amount of contraction
for C1—C8 gradually increases with the increase of
the dimension along X direction, and fluctuates
within a certain range along Y and Z directions,
especially along Z direction, the dimension of
casting within some parts (yellow in Fig. 5) is even

Point cloud analysis

Dimension extraction

larger than the mold. As shown in Table 1, the
different ranges of specific values of PA for
dimensions along X, Y and Z directions as well as
volume contraction are observed. For C1-CS5
blocks with the same cross-section, the values of PA
along X direction fall within the range of
1.80%—2.01%, but those along Y and Z directions
fall within the range of 1.70%—-3.46% and
0.08%—1.38%, respectively, both of which are
wider than that along X direction. For C5-C8
blocks with the same volume and varying
cross-sections, the range of PA along X direction is
1.66%—2.16% and those along Y and Z directions
are 2.02%—3.46% and 0.08%—1.57%, respectively.
The volume shrinkage rate fluctuates in the range of
4.88%—5.59%. Apparently, the ranges of PA for the
longer dimensions show a weaker fluctuation.

The dimension comparisons
castings (R1—-R3) and molds along radial direction
and height are shown in Fig. 6, in which the
color depth indicates the degree of dimensional
contraction of the castings relative to corresponding
molds based on the reference plane (alignment
plane) and reference axis (alignment axis). Specific
values of PA and volume contraction are listed in
Table 2. As the radius grows from R1 to R3, the
amount of contraction does not increase gradually,
which is distinct from that of C1-C8. According to
the results from Table 2, both values of PA along
the radial direction and volume contraction decrease
from R1 to R3, but the values of contraction along
height fluctuate are in the range of 1.69%—1.98%.
Noticeably, the ratio of height to diameter (H/D)
has non-negligible influence on the decrease of
radial PA and volume contraction. As the value of
H/D decreases, the decrease of radial PA and
volume contraction from R2 to R3 is more
significant than that from R1 to R2. Compared with

between the
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Dimension/mm
1.00

Fig. 5 Dimensional comparison between castings (C1-C8) and molds (The color depth indicates the degree of

dimensional contraction of the castings relative to corresponding molds based on the reference plane (alignment plane)

XOY, XOZ and YOZ)

=l =l =3 =3 (=g
g o = S S S S S
g < S — o o <t Lel
E — (=} | | | | |
K=y
2 Reference axis
o
£
a

&

Reference plane

R1 R2 R3

Fig. 6 Dimensional comparison between castings and
responding molds

blocks (C5—C8) with similar volume, R1 and R2
cylinders have larger volume contraction, but R3
cylinder has volume contraction with the same
level.

3.2 Linear and volume contraction of
constrained contraction structures

The degree of contraction for frames with
different structures is displayed in Fig. 7, in which
the color depth indicates the degree of dimensional
contraction of the castings relative to corresponding
patterns based on the reference plane of (alignment
plane) XOY, XOZ and YOZ. Specific values of PA
for dimensions marked in Fig. 1(b) and volume
contraction are shown in Table 3. It should be noted

that constrained contraction occurs on dimensions
that pass through the sand core, such as the
dimensions marked with 1 in Fig. 1, and free
contraction occurs on dimensions that do not pass
through the sand core, such as height and wall
thickness. Compared with free contraction blocks
with the same dimension, the amount of contraction
of frames (F2, F3, F4 and F5) along Y direction is
less than that of C5 due to restraint by the sand core.
Although both height and wall thickness contract
without restraint, the contraction values of them are
different. The contraction values of height for all
frames fluctuate in the range of 0.09%—1.59%,
but those of wall thickness are in the range of
2.26%-3.64%. While considering restrained
contraction, external and internal dimensions are
worth attention. For example, the dimension
marked with 1 for F1 is the external dimension and
the one marked with 2 is the internal dimension.
The contraction of the external dimension contains
that of internal dimensions and wall thickness.
From the data in Table 3, the contraction of the
internal dimension for each frame is lower than that
of the external dimension. Except the common
phenomena above, some vital but latent rules
deserve attention. The structures of F1, F2, F3, G1,
and G2 have the same external and internal
dimensions along Y direction (dimensions 1 and 2
of F1, G1 and G2, and dimensions 3 and 4 of F2
and F3), but show different values of contraction.
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Fig. 7 Dimensional comparison between restrained castings and corresponding molds

The same is true for dimensions of F2, F3 and F4
structures along X direction. The correlation
between restrained contraction and geometric
characteristics is revealed in the discussion section.
The dimension comparisons between the
castings (R4, R5) and molds along radial direction
and height are shown in Fig. 8. Table 4 shows the
contraction values for external radius, internal
radius, wall thickness, and volume of hollow
cylinders R4 and RS5. Due to the restraint of the
sand core, the PA of the external diameter for both
R4 and RS is lower than that of R3 having the same
diameter. Although R4 has a larger internal radius
than RS, which means that the radius contraction of
R4 is restrained by a larger sand core than RS, the
value of the internal radius contraction of R4 is
unexpectedly higher than that of RS5. The
contraction of wall thickness is not restrained, and
so shows a larger value than external and internal

Dimension/mm
1.00

0.00
-1.00
-2.00

-3.00
|—4.00

-5.00

Fig. 8 Dimensional comparison between castings (R4,
RS5) and responding molds

diameters. The volume contraction of R4 and RS is
larger than that of R3 and decreases with the
decrease of internal diameter, exhibiting a similar
trend to the contraction change of wall thickness.

4 Discussion

From the above experimental results,
fluctuations of the contraction of dimensions for all
the studied structures containing unrestrained features
(C1-C8 and RI1-R3) and restrained features
(F1-F5, R4, RS, and G1, G2) found the common
phenomena. And the contractions along different
directions fall within different ranges that are
dependent on the geometric characteristics, and
errors during the casting and measuring process. In
this section, the influences of errors and geometric
characteristics on the contraction of unrestrained
and restrained features are discussed, the
distribution of unrestrained contraction is revealed,
and the determination method for restrained
contraction is established.
4.1 Distribution and ideal value of free

contraction

There are many highly interdependent physical
processes responsible for the studied alloy castings
not having the same dimensions as the pattern from
which the molds are made. Contraction of the alloy
upon solidification and cooling to room temperature
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(solid contraction) is the primary reason for
dimensional changes. The degree of the solidification
contraction is dependent on the feeding pressure.
Considering the unrestrained features were poured
through the same gating system providing the
similar/same pouring pressure, it can be assumed
that the solidification contraction of Blocks C1-C8
is a fixed value. And the rest solid contraction (Sc)
is calculated by

SC:a( TS_Troom) (2)

where a is the thermal expansion coefficient of the
alloy, Ts and Troom are the solidus temperature of the
alloy and room temperature, respectively. Given
that the value of a is 3.09x10° K™ obtained from
Fig. 4 and the solidus temperature of the alloy was
570 °C [3], the value of Sc equals 1.68% which is
also a fixed value. By adding up those two parts of
contraction (solidification and solid contraction),
the obtained free contraction for Blocks C1-C8
should ideally be a fixed value higher than Sc. In
fact, the values of free contraction measured in this
experiment are all higher than Sc, but fluctuate
within a certain range. Necessarily, the reasons that
the free contraction fluctuates should be dug out,
are worth attention.

From the previous reports of MKUMBO
et al [20] and NYICHOMBA et al [21], the free
contraction of ductile iron and gray cast iron was in
negative correlation with the casting modulus.
However, no similar correlation between the casting
modulus of Blocks C1—C8 and the values of free
contraction was found (Fig. S2) in this work.
Essentially, the casting modulus reflects the cooling
rate and a larger modulus indicates a lower cooling
rate. A possible explanation for this is that the
solidus temperature of ductile iron and gray cast
iron is much higher than that of the studied alloy.
GALLES [31] and MANDAR [32] suggested that
the free contraction of steel casting with varying
dimensions exhibited different distribution ranges,
which is similar to our findings. In this work, the
measured contraction from castings C1—-C8 was
plotted over a range of feature lengths, as shown
in Fig. 9(a). The -considerable scatter of PA
demonstrates that, as feature length increases, the
values of PA converge towards 2.0% that is much
close to 1.95%, the mean value is obtained from the
statistical results (Fig. 9(b)). Such a distribution
trend centered at 2.0% indicates that there are a few

4L\ §o o Pattern allowance
2%=1/x
2%+0.5/x

Pattern allowance/%

50 100 150 200 250 300 350 400 450
Feature length/mm

0.3 F(b) -

e
&}
T

Relative frequency

@
=

2 3 4
Pattern allowance/%

Fig. 9 Distribution trend of measured PA along different
directions (a) and statistical results for C1—-C8 (b) (1/x
indicates the effect of random error determined by
casting environment)

errors affecting the determination of PA.

The degree of influence of errors on the
distribution of PA is determined by Eq. (1), where
the change of 0.5 and 1 mm in the molecule is
capable to cause PA fluctuating within the range
shown by the blue and red lines in Fig. 9(a),
respectively. More than 90% of scatters of PA are
concentrated below the boundary of 2%=+1/x and a
change of 0.5—1 mm is sufficient to deviate the PA
for dimensions lower than 100 mm from 2% to the
range of 3%—4%. Therefore, variations in mold
dimensions and measurement errors for casting
dimensions deliver non-negligible effects on the
value of PA. However, while calculating the values
of PA by Eq. (1), the direct use of Lm and Lc
inevitably introduces two types of errors, of which
one results from the uneven thickness of the coating
on the surface of the sand mold, and the other
emerges during the process of measuring Lc. To
obtain the ideal PA”, the following Eq. (3) should be
used:
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A;:LL:L"C:(LM+ALM)—(LC+ALC) 3
Ly Ly +ALy,

where Ly" is the initial dimension of mold upon
solidification of alloy, Lc® is the non-error
dimension of casting, ALy is the error between Lu
and Ly*, and ALc is the measurement error between
Lc and Lc". After rearranging Eq. (3), the relation
between Lc and Ly and the corresponding error is
established as

Le=Lu(1-Ap)+ALm(1-Ar)—ALc (4)

Equation (4) shows the correlation between Lc
and Ly, and 1— Ap and ALm(1-A4p)—ALc serve as
slope and intercept, respectively. By fitting the
linear relationship between measured scatters of Lc
and Lm, Ap and the statistical value of the errors
contained in measured scatters are obtained with the
aid of slope and intercept. As shown in Fig. 10, the
fitting result for Blocks C1—C8 shows a function of
Lc=0.9805L\+0.1209, from which A4p equals
1-0.9805=0.0195 and the statistical value of error is
0.1209.

In order to further analyze the effect of the
error on PA, the comparison between measured
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Slope: 0.98054+4.64662x 107
Pearson’s r: 0.99998
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Fig. 10 Linear fitting result between Lc and Lwm for
blocks C1-C8

contraction and ideal contraction is operated and
shown in Fig. 11. In Fig. 11, the ideal relation
between Lc" and Ly is plotted as a line (ideal line)
that follows the formula Lc'=0.9805Ly", and
measured data are plotted as scatters. ALc and ALwm
cause the deviation of the scatters from the ideal
line in the Y-axis direction (vertical error) and X-
axis direction (horizontal error), respectively. Known
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that the accuracy of 3D scanner is 0.02 mm/m, that
is to say, ALc equals 0.02 mm that can be neglected.
Therefore, the primary reason that scatters deviate
from the ideal line is the horizontal error. In the
range of 50—400 mm, most of the scatters are
distributed within a 1 mm-wide error band centered
on the ideal line. Interestingly, the coating on the
surface of the sand mold has a thickness in the
range of 0—0.6 mm (Fig. S2), which is comparable
to half of the width of the error band surrounding
the ideal line. Combined with the results in Fig. 8, it
can be considered that the dimension change of
sand mold caused by the thickness of the coating
has a non-negligible effect on the determination of
the PA, especially for the short dimensions.

4.2 Influence of height-to-diameter ratio on
contraction of R1-R3 cylinders

There are similarities and differences between
the contraction of cylinders (R1-R3) and blocks
(C1-C8). As shown in Fig. 12(a), the triangular
marks distribute in the band of C1-C8, indicating
that the contraction of cylinders R1-R3 along the
height direction is under the same law as C1-C8
blocks. The same is true for the radial contraction of
R3. While some of the circle marks are significantly
beyond the band of C1—C8, demonstrating that the
radial contraction of cylinders R1 and R2 is
different from the contraction law of CI1-C8.
Considering that R1-R3 cylinders and CI1-C8
blocks in this experiment were formed in the same
casting environment, it can be considered that
process errors (including mold size changes and
measurement errors) have the same effect on the PA
values of them, so the radial contraction for
cylinders R1 and R2 deviates from the distribution
band for other reasons. RI-R3 are similar in
volume but different from the H/D ratio, which has
a significant effect on the radical contraction
decrease (see Fig. 12(b)). The cylinder with a
higher ratio of H/D has higher casting modulus and
the increase in contraction values with increasing
H/D value is likely due to the fact that increased
time for plastic deformation and creep of the
casting leads to decreased contraction.

4.3 Influence of geometric characteristics on
shrinkage of restrained structures
As mentioned in Section 2.2, the contraction
for Frames F1-F5 and “I”-beams G1 and G2 is

3 @ o Dimension (C1-C8)
. 4F o o Dimension (R1-R3)
S P og 2 Height (R1-R3)
Q 3+ 2A Qo
=) o
g g, 04 ;
2 2 l;_ [: 4 g =) é s 8 o
T‘: (E | & 34 ] =]
£
& ol A 2%z=1/x
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_1 1 1 1 1 1 1 1 1
0 50 100 150200 250 300350400450
Feature length/mm
4.0 10
(b)
° 35 B i 9 o
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% 30t /4‘ Ig %
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§ 2.0t |5
£ st 16 &
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Fig. 12 Distribution law of shrinkage rate in radial and
height directions of cylinder (a) and shrinkage rate of
cylinder in height-to-diameter ratio (b)

quantified through internal, external, and thickness
dimensions. Here, the values of PA for the above
three dimensions are found in three branches of the
distribution band of C1-C8, as revealed in
Fig. 13(a). The free contraction of wall thickness
(square scatters) is distributed within the band. The
fully contraction of the internal
dimension (circle scatters) is distributed below the
band. The semi-restrained contraction of external

restrained

dimensions (triangle scatters) is partly in the band
and partly below the band. All the measured values
of PA show a statistical mean value of 1.45%
(Fig. 13(b)), which is lower than that for C1-C8.

It has been reported that the saltation of
dimension contraction and release of casting stress
occur during the shake-out of sand mold [29],
which shows that the constraint of the sand cores
plays a major role in restraining the contraction of
the casting. Based on this, the contraction of the
studied frame in this work is divided into three parts:
solidification contraction (PA.), solid contraction
(PA;) before (the contraction of this part is recorded
as PAys) and after shake-out (the contraction of this
part is recorded as PA,)), as shown in Fig. 14. The
solidification shrinkage (PA.) only occurs on the
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Fig. 14 Schematic diagram for dimension change under free and restrained contraction

wall thickness, the PAy is restrained by the sand
core obstruction, and the PA,s is similar to the free
contraction. The measured internal dimensional
contraction for the restrained structures equals the
sum of solid contraction before and after shake-out
(PA= PAystPA).

The free dimensions of restrained structures
(F1-F5, G1, G2), such as wall thickness, exhibit
similar contraction law with free structures
(C1-C8), but the restrained dimensions, such as
external and internal dimensions, exhibit different
contraction laws from free structures. However,
knowing this gives little help for the pattern
dimension design of restrained structures. In order
to explore the effect of geometry on restrained
contraction, the CVF is introduced.

In order to quantitatively describe the
relationship between the contraction and geometric
features, envelope density was proposed by
CAMPBELL [26] and has achieved certain
applications in the prediction of contraction for cast
iron and aluminum alloys. The ratio of casting mass
to its envelope volume is referred as envelope
density, the value of which is dependent on the
relative proportion of casting volume and envelope
volume. Based on this, the ratio of sand core
volume to casting envelope volume is defined
as the sand core volume factor (CVF, f)
fv=Veore/ Venvelope.  Essentially, the value of CVF
represents the degree of constraint induced by sand
cores, i.e. the contraction of structure with larger
CVF is constrained more sufficiently by sand cores.
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The CVF of the restrained structures is listed in
Table 3, and the relationship between constrained
contraction and CVF is shown in Fig. 15. From
Fig. 15, the restrained contractions for internal
dimensions of frames (F1-F5, G1 and G2) decline
as a function of CVF, A4p=1.65—0.706f,. As the
value of CVF approaches 0 and 1, two extreme
cases, viz. the free contraction and extremely
restrained contraction, are worth attention. When
CVF equals 0, the fully dense metal casting shows a
solid contraction of 1.65%, very close to the value
of thermal shrinkage (1.68%, calculated by Eq. (2))
that is an intrinsic parameter of the studied alloy. In
contrast, as the value of CVF is infinitely close to 1,
the thin-walled box casting has a maximum
constraint, and the contraction after shake-out
approaches 0.94%.

2.0 ; ]
o Internal dimension

- - - Shrinkage before

y=1 .651}0706)“ shake-out

£ 1S5E N
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& 05F Y
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Fig. 15 Evolution of restrained contraction of frames
(F1-F5, G1 and G2) against CVF

It can be further assumed that PAys (the
contraction before shake-out) is 0 at the extreme
point of CVF equal to 1 and is linearly correlated
with CVF. According to this hypothesis, the
evolution of PAys against CVF is revealed by the
dash line in Fig. 15 where the growing interval
from PAys (dash line) to PAs (solid line) with
increasing CVF indicates the accumulating of
casting stress. Given this, the correlation between
PAps and CVF, which helps to assess the casting
stress and so strategies to protect casting from cold
cracking, deserves extra research.

The restrained contraction of frames (F1-FS5,
G1, G2) is connected with casting geometry by the
introduction of CVF and the obtained formula, 4p=
1.65%—0.706f,, reflects the influence of both the

intrinsic parameter (thermal shrinkage, geometric
characteristics) and obstruction induced by sand
cores. However, the evolution of radial contraction
of hollow cylinders (R4, RS) against CVF is out of
the obtained formula (Fig. S3). Extra research work
is necessary to find how radial contraction is
evolved against the geometry of hollow cylinder.

5 Conclusions

(1) For cubic blocks, the value of free
contraction confirms the formula: A4p=1.95%=1/x,
where the first item of 1.95% represents the result
of solidification contraction and solid contraction.

(2) For the cylinders and cubic blocks with the
same volume, the radial contraction for the cylinder
is correlated with the H/D ratio and exhibits a value
about 2 times of free contraction for cubic blocks.

(3) For constrained frames, the free contraction
of wall thickness is in accordance with that for free
blocks, and the restrained contraction of internal
dimensions is determined by the thermal shrinkage
and obstruction caused by sand cores, as described
in the formula: 4p=1.65%—0.706f..
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