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Resume

This paper describes the requirements of joint clearance between the mating
parts, of lugged bicycle frame head, to be brazed by flow of molten filler
material (brass) between the micro gap due to capillary action. Tolerance
analysis was done to establish the practical requirements of clearances essential
to facilitate the assembly of the bicycle frame tubes and mating head lugs.
Consumption of brass was computed, by weight measurements, after dip brazing
of the lugged joints. Excessive joint clearance between the mating parts was
reduced, by cold compaction of the assembled joint on mechanical power press
using a press tool. The compacted joints were dip brazed by dipping it partially
in the molten brass. Comparison of tensile strength of the brazed joints was done
with respect to the strength of parent steel tubes. Brazed samples were sectioned
to confirm the flow of brass all along the length of the lugs with improved
capillary action. Thickness of the micro layer of the brass between the lug bore
and tube outer surface was measured on optical microscope. Reduction in brass
consumption due to reduced clearance was estimated volumetrically between
the contact area between the lugs and the tubes.
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1. Introduction

Dip brazing [1, 2] process is used
in building the diamond shaped lugged frames
of classic roadster bicycles [3, 4]. Lugged
construction had been the primary method
of assembling the roadster bicycle frames since
early 20" century. Roadster frames are usually
built from “Electric Resistance Welded” (ERW)
[5, 6] CEW C1 type steel tubes push-fitted

inside the socket shaped sleeves, known as lugs.
The lugs are primarily formed out of hot
rolled carbon steel strips [7]. For brazing,
every lugged joint is manually dipped
in the molten brass maintained
at a temperature slightly higher than its
liquidus point 900 °C for brass with 60 %
Copper and 40 % Zinc by weight [8] and
chemical composition as shown in Table 1.

Table 1
Chemical Composition of Brass (wt. %).
Tin Lead Zinc Iron  Aluminum Nickel Silicon Manganese Phosphorus Copper
Sample
1 0.041 0.012 36.590 0.036 0 0.005 0.000 0.004 0.012 63.100
Sample
2 0.039 0.016 37.950 0.013 0 0.000 0.020 0.074 0.020 61.150
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Brazing takes place due to the flow To improve the tensile strength

of molten filler metal, between the surfaces
of metals to be joined, by the principle
of capillary action. As the filler metal (brass)
cools down, it gets hardened thereby forming
ajoint connecting the tubes and the lugs.
For the development of an effective capillary
force [9] on molten filler metal or simply
capillary action in brazing of metals,
it is important to maintain a fairly uniform
clearance between the mating surfaces
of the joint. The tensile strength of the brazed
joint decreases when the clearance between
the joint is increased. Ideally there should be
a tight clearance in the range of 0.03-0.04 mm.
Variation in tensile strength of the joint
according to the clearance kept between
the metallic surfaces to be brazed is shown
in Fig. 1 [10, 11].

Due to the manufacturing inaccuracies
like ovality in the bore of lugs and outer
diameters of tubes, larger clearances become
essential to ensure a push-fit assembly. Due to
larger clearance in mating parts, capillary action
gets affected drastically, thereby reducing
the tensile strength of the joint as well as
increasing the consumption of brass being
the filler metal in the joint.

of the brazed joint, the clearance between
the mating surfaces is mechanically reduced
by cold compaction of the joint as explained
in Section 4. Before the brazing operation,
the joint is compacted by a press-tool over
a mechanical power press.

This applied research paper is focussed
on optimizing the brass consumption during dip
brazing of the roadster bicycle frame head
joints. Capillary action in the joint had been
improved by reducing the joint clearance
by mechanical compaction. If the capillary
action can be achieved effectively, there is no
need to fully submerge the joint in the molten
pool of brass. And little dipping of the joint
in the molten brass can ensure flow of brass
in the entire joint due to the capillary action.

2. Tolerance analysis of the frame head parts

Roadster bicycle frames of lugged type are
built with many ERW type cylindrical steel
tubes. Two or more tubes are connected to each
other through intermediate socket type part called
lug. Lug is a component formed from cold drawn
steel sheet, which fits over the ends of the steel
tubing. Various parts of a typical roadster bicycle
frame for men are as shown in Fig. 2 [12].
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Fig. 1. Effect of joint clearance on tensile strength.
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Fig.2 Roadster frame components.
(full colour version available online)
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Table 2
Tolerance analysis - tube outer diameter in mm.
Tube and Specified Average of Samples having Reference
Nominal Outer limits Measured Values Variance Variance (%) Fig. No
Diameter Max. Min. Max. T
Head Tube 515y 3160 3171 0.11 66.70 3a
031.75
Top Tube ¢25.40 2540 25.27 25.26 0.32 96.70 3b
Bottom Tube o560 2844 2842 0.20 100. 00 3
028.57

Bold face “Average Measured Values” are beyond the specified limits; OD Means - Outer Diameter

Before making assembly of the joint,
the samples of top tube and bottom tubes are cut
to the required length within the specified
tolerance. Then each end of the tube is cut
to the shape by “Mitering” [13], so that it can
rest closely against the side of the adjoining
head tube, at an angle prescribed in the frame
assembly. There are many methods of mitering
the ends of the tubes, for instance milling, laser
cutting, and coping or profile shearing using
press tools. Coping is a much faster method
to shape the ends of the tubes with fair degree
of accuracy and is used in roadster bicycle
frame tubes. The tubes with mitered ends are
then push fitted into the respective lugs using
pneumatically operated assembly fixture.
For ease of assembly, using mass production
assembly fixtures, and at the same time ensuring
a reasonably tight fit assembly of tubes
in the lugs, it is essential to keep an effective
clearance 0.3-0.4 mm in the joint.

In order to confirm the development
of sufficient capillary force during brazing,
it is essential to know the true wvalue
of clearances in the joints formed when tubes
are assembled in the respective lugs. This was
done through a detailed tolerance analysis
exercise as explained in Section 2.1, 2.2 and
2.3.

2.1 Tolerance analysis of tubes

Circularity of external diameters of head
tube, top tube and bottom tube was practically
measured on thirty samples of each type
of tubes, randomly drawn from the mass
production line. Average of maximum and

minimum measured value of tube external sizes
were calculated for every sample and the results
are plotted in the graph shown in Fig. 3.

20 out of 30 samples (66.7 %) of head
tube outer diameters were observed to be beyond
the specified limits of 31.62 - 31.78 mm as
shown in Fig. 3a.

29 out of 30 samples (96.7%) of top tube
outer diameters were observed to be beyond
the specified limits of 25.27 — 25.43 mm as
shown in Fig. 3b.

30 out of 30 samples (100%) of bottom
tube outer diameters were observed to be beyond
the specified limits of 28.44 — 28.70 mm as
shown in Fig. 3c. Results of Tolerance analysis
showing the variations in the calculated average
sizes as against the specified limits are shown
in Table 2.

2.2 Tolerance analysis of frame head lugs

Similarly, circularity in socket bores
oftop lug and bottom lug was practically
measured on thirty samples of each type of lugs,
randomly drawn from the mass production line.
Averages of maximum and minimum measured
values of lug bore were calculated for every
sample and the results are plotted in the graph
shown in Fig. 4.

18 out of 30 samples (60 %) of bores
inTop Lug for Head Tube were observed
to be beyond the specified limits of 31.70 —
31.78 mm as shown in Fig. 4a.

7 out of 30 samples (23.3 %) of bores
inTop Lug for Top Tube were observed
to be beyond the specified limits of 25.42 —
25.80 mm as shown in Fig. 4b.
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11 out of 30 samples (36.7 %) of bores
in Bottom Lug for Head Tube were observed
to be beyond the specified limits of 31.70 —
31.78 mm as shown in Fig. 4c.

24 out of 30 samples (80 %) of bores
in Bottom Lug for Bottom Tube were observed

to be beyond the specified limits of 28.60 —
28.68 mm as shown in Fig. 4d.

Results of Tolerance analysis showing
the variations in the calculated average sizes
as against the specified limits are shown
in Table 3.
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Fig. 4. Measured values of bore.
(full colour version available online)
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Fig. 4. Measured values of tube bore.
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Table 3
Tolerance analysis — lug bore diameter in mm.
Frame Lug and Specified Average of samples havin Reference
Specified Bore limits Measured Values  Variance VarFi)ance (% )g Fig. No
Diameter Max. Min. Max. Min. 0 g. No.
Bore in Top Lugs
for Head Tube 31.78 317 31.86 31.60 0.08 60 4a
Bore in Top Lugs
for Top Tube 25,5 2542  25.63 25.36 0.13 33.3 4b
Bore in Bottom
Lugs for Head Tube 31.78 317 31.90 31.69 0.12 36.7 4c
Bore in Bottom
Lugs for Bottom 28.68 28.6 28.88 28.61 0.2 80 4d

Tube

Bold face “Average Measured Values” are beyond the specified limits; Bore Means — Inner Diameter

Tolerance Analysis - Assembly of
Tubes and Lugs
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Fig. 5. Tolerance analysis - assembly of tubes and lugs.
(full colour version available online)

Materials Engineering - Materialové inzinierstvo 23 (2016) 138-156



144 Y.N. Gupta, A.K. Singh, S. Singh: Optimization of capillary action &brass consumption

in dip-brazing of roadster bicycle frame

2.3 Tolerance analysis of tubes assembled in
frame head lugs

Value of minimum interference, and
maximum clearance was computed
for the assembly of tubes with respective lugs.
Minimum value of interference in the assembly
was computed against minimum bore in the lug
and  the maximum  outer  diameter
of the respective tube, based upon maximum
material condition. And maximum clearance
inthe assembly was computed against
maximum bore in the lug and the minimum
outer diameter of the respective tube, based
upon minimum material condition. Based upon
the maximum clearance in the assembly
of tubes and respective lugs, clearance
in excess of 0.03 mm (being the best design
clearance for dip brazing) was computed.
Result of the final tolerance analysis
of the assembly of tubes with respective lugs is
shown in Fig. 5.

Due to large values of clearance in excess
of the design clearance of 0.03 mm, between
the lugged joints, the desired capillary action
during the brazing remains virtually absent. Due
to this it is necessary to fully submerge the joint
in the molten brass, causing excessive
consumption of brass.

2.4 Improvement of capillary action

In order to improve the capillary action
during dip brazing, the initial clearance
between the lugged joints can be reduced
by the following actions.

Front Quadrant

Top Lug

Head Tube

Bottom Lug

oz

Head Joint
Brazed on step 1
(Focus of the Article)

2.4.1 At the tube design and procurement level
Clearance between the tubes and lugs can
be brought down to some extent, by various
dimensional control measures. Recommendations
were made to narrow down the limits of design
tolerance on the outer diameter of ERW tubes
to80 % of the specified tolerances, (within
the comfortable limits  of customized tube
manufacturing) as shown in Table 4.

Table 4
Proposed tolerances on tube outer diameter.

Tolerance on Outer

Tube and ]
Nominal Outer Diameter
Diameter Existing Proposed
Head Tube ¢31.75
Top Tube ¢25.40 i (+0.03,-0.1)
Bottom Tube (+0.08,-0.13) A Dbit tighter

¢28.57

Top Tube
Bottom Tube

2.4.2 At the frame manufacturing process level

Further reduction in clearances between
the tubes and lugs is achieved by radial inward
compaction of the pre brazed joints of the frame
head by a press tool operation.

3. Computation
in brazing

Joints namely 1) Head Joint, 2) Seat Lug
Joint and 3) Bottom Bracket Shell joint are
sequentially dip brazed in roadster bicycle
frames [14]. Focus of this paper is on the
improvement in dip brazing of the Head Joint as
shown in the Fig. 6, being the area of largest
consumption of brass among all the three joints.

of brass consumption

Seat Lug Joint
Brazedon step 2

T
|

! / Seat Tube

| W Chain Stays

== Bottom Bracket Shell
Joint— Brazed on step 3

Fig. 6. Roadster frame components.
(full colour version available online)
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£

In Brazing Bath

-
.

Immediately out of Brazing Bath

Fig. 7 Dip brazing of head joint.
(full colour version available online)
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Fig. 8 Computation of brass consumed by weight measurement
(full colour version available online)
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Fig. 9. Head joint area to be compacted.
(full colour version available online)
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For estimating the brass consumption
in brazing, fifteen samples of un-brazed front
quadrants, were randomly drawn from the mass
production line. Dip brazing was carried out
for head joints consisting of “Top-lug joint”
(joint of “Head Tube” and the “Top Tube”) and
“Bottom lug joint” (joint of “Head Tube” and
the “Bottom Tube”) as shown in Fig. 7.

Amount of brass consumed in brazing
was computed from the difference in weights
of frame before and after the brazing as shown
in Fig. 8a.

The results of brass consumption
inbrazing of head lug joint are shown
in Fig. 8b.

4. Compaction of the joints before brazing

Excessive joint clearance between
the tubes and the lugs can be most effectively
reduced by squeezing the joint dynamically
on mechanical power press using a pair
of compacting dies. According to the focus
of this research paper, the compaction process
was demonstrated on head joints as shown
in Fig. 9

4.1 Designing of the joint Compaction Dies
The joint can be uniformly squeezed all
around, only when a pair of upper and lower
dies is produced with their contour of internal
surfaces exactly matching with the contour
of outside surfaces of the lugs. To transfer

the surface profile of the frame lugs
on to the press dies, it is essential to firstly
create a 3D profile of outside surfaces of the
frame lugs through 3D scanning using white
light scanner. Five samples each of “Top Lug”
and “Bottom Lug” were randomly drawn from
the mass production line. External surfaces
of lugs were scanned on White-light 3D scanner
at APM Technologies, New Delhi (India).
Accuracy of 3D scanning was confirmed
through comparison drawn between the actual
surfaces of the lugs and the 3D surfaces
generated during the white-light scanning
as shown in Fig. 10.

Using the external surfaces of 3D solid
model of the lugs generated from 3D white-light
scan, cavities were produced in the 3D model
of the wupper and lower die blocks
of the compaction die. To avoid stressing
of the fillet portions, during the compaction
process, fillet radii were increased by 1-2 mm
and parting line chamfers were provided
on the dies.

Internal surfaces of the compaction die
cavities (upper and lower), were selectively
offset outwardly in the material addition
direction as shown in Table 5, so as to reduce
the cavity volume of the die when fully closed.
This reduction in the cavity volume, according
to the initial clearance of the compaction die,
is responsible to squeeze the assembled joint,
when the die is fully closed under
the mechanical pressure.

Table 5

Initial joint clearance and surface offset in compaction die.

Maximum design joint clearance for capillary action in brazing — 0.0 3mm

Max. diametric

. Surface offset causin
Max. radial clearance g

Assembly clearance (mm) (mm) material addition in the
(From Fig. 5) compaction die (mm)
Top Lug and Head Tube 0.34 0.17 0.14
Top Lug and Top Tube 0.68 0.34 0.31
Bottom Lug and Head Tube 0.39 0.20 0.17
Bottom Lug and Bottom 0.64 032 0.29
Tube
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4.2 Manufacturing of compaction dies and
press tool

Upper and lower half of the die blocks
were manufactured on CNC vertical machining
centre. The die blocks were assembled
in a press tool that can be mounted on the power
press as shown in Fig. 11. Compaction was
done on a hydraulic press (Capacity 60 Tonnes
x stroke 100 mm). For better productivity,
compaction can be done on mechanical power
press as well.

Vi
Die Blocks ¢
Upper & Lower
Top Lug
Compaction Tool

Top Lug Joint
Compaction Tool

Fig. 11. Compaction press tools for head parts.
(full colour version available online)

4.3 Compaction process

Five sets of L-shaped samples, as shown
in Fig. 12, were prepared for compaction trials
before the brazing operation. Samples for
compaction trials were cut from front quadrants
randomly drawn from the production line.

Top Tube

Top Lug
Head Tube

Bottom Lug

Bottom Tube

Fig. 12. Samples for joint compaction.
(full colour version available online)

4.4 Flow of material of lug during compaction

Once the assembled joint is radially
squeezed from all sides by the mechanical
pressure in the press tool, the material of the lug
flows plastically in radial and axial directions.
The radial flow takes place in inward direction
and narrows down the clearance between the
lug inner surface and the tube. The radial
compaction is compensated by an axial outward
flow of the lug material in the free direction.
The amount of axial flow of material is quite
negligible as compared to the highly significant
radial inward flow under the mechanical
restraint from the die.

The direction of flow of the “Top Lug”
material during compaction process is shown
in Fig. 13. Flow of material in the “Bottom
Lug” is also on the similar lines.

5. Brazing and testing of compacted joints
5.1 Brazing of samples

Head lug joints were manually dipped
inthe molten brass in a crucible maintained
at a temperature 905-910 °C. The compacted
L-shaped samples of the “Top Lug” joint and
“Bottom Lug” joint were dipped in the molten
bath for a time period of 35-40 seconds.
The metallic surfaces of connecting tubes and
lugs get brazed together due to the flow
of molten filler metal (brass) between them,
by the development of capillary force. After this
the joint is taken out of the molten bath and
isallowed to cool down naturally in air.
As the joint cools down, the filler metal (brass)
gets hardened and forms a rigid joint between
the tubes and the lugs. The head tube was cut
from the middle and brazed samples of “Top
Lug” joint and “Bottom Lug” joint were
separated out. Samples of brazed joints are
shown in Fig. 14.

5.2 Tensile strength testing

Tensile strength of each brazed joint
between and the respective lug was done. Five
sets each of L-shaped test samples
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of the “Top Lug” joint and “Bottom Lug” joint Breaking loads for the samples of head
were prepared. The tensile tests were carried out lug joints is shown in Table 6.
on40Tonnes  capacity  universal  testing Table 6
machine. The fixture used for tensile testing Breaking loads in tension — head lug Joints.
the samples is shown in Fig. 15. Top Lug Joints Bottom Lug Joints
During the tensile test, all the samples Sample  Breaking  Sample  Breaking
displaved ductile  fract ith K No. Load (N) No. Load (N)
isp ay_e a ducti e_ racture wi nec 1 47880 1 36960
formation from the middle of the longer tube 2 47760 2 36940
(Top tube or Bottom tube) as shown in Fig. 16. 2 2%28 2 gg?gg
The brazed joint -dld not display any type 5 47560 5 36320
of fracture. Thus itwas concluded that the Max. 50260 Max. 36960
brazed joints were stronger in tension than the Min. 47560 Min. 36120
parent tubes. Average 48656 Average 36468

Axially outward
Material Flow

Y

Head Tube

l—

T

| Radially Inward
Material Flow

1
—

Top Lug

Legend

— Before Compaction "-M
After Compaction Top Tube

Fig. 13. Flow of materials during compaction.
(full colour version available online)

Bottom Tube and Bottom Lug Joint

Top Tube and Top Lug Joint

Fig. 14. Samples of joints for testing of tensile strength on universal testing machine.
(full colour version available online)
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Mandrel for Attaching
Sample Tube with
Upper Jaw of UTM

Collared
Mandrel for

Insertion
in Head Tube

Die Holder For _ g
Lower Jaw of
UTM

Fig. 15. Testing fixture and test sample for use on universal testing machine.
(full colour version available online)

Top ;ubéian;d Top Lug Joint

5.3 Measurement of brazing layer thickness

The “Top Lug” joint and “Bottom Lug”
joint samples used in the tensile strength testing
were sectioned across the central plane.
The sectioned samples were ground flat,
polished and etched to enable microscopic
measurement of brazing layer thickness on an
inverted microscope. Results of microscopic
measurement of thickness of brass layer, under
a magnification of 100x for “Top Lug Joint”
is shown in Fig. 17.

Results of microscopic measurement
of thickness of brass layer, under a magnification
of 100x for “Bottom Lug Joint” is shown

Bottom Tube and Bottom Lug Joint

Fig. 16. Brazed joint samples tested on universal testing machine.
(full colour version available online)

in Fig. 18.

Comparison was drawn among joint
clearance before compaction and after
the brazing followed by compaction. The results
of reduction in joint clearance due to
compaction are shown in Table 7.

We can find some variance in measured
thickness of brazing and the amount
of radial compaction actually introduced
in the compaction die. The variation
in clearance is primarily due to 1) spring-back
of the sheet formed Ilugs during press
operation 2) inaccuracies during manufacturing
of the compaction die.
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Top Lug and Head Tube
a) sample 1 top lug and head tube b) sample 2 top lug and head tube

(SamP_Ie-1: 148 Micr&s) (Sample-2: 165 Microns) I
Top Lug and Top Tube

¢) sample 1 top lug and top tube d) sample 2 top lug and top tube
Fig. 17. Brazing layer thickness in top lug joint.
(full colour version available online)

Bottom Lug and Head Tube
a) sample 1 bottom lug and head tube b) sample 2 bottom lug and head tube

. I Uiy 2 (4

(Sample-2: 119 Microns) £

Bottom Lu and Botm Tube
¢) sample 1 bottom lug and top tube d) sample 2 bottom lug and top tube

Fig. 18. Brazing layer thickness in bottom lug joint.
(full colour version available online)
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Table 7

Joint clearance reduction after compaction (mm).

Joint Clearance

Minimum brazing thickness

Reduction in joint clearance

before after compaction after compaction
Sr. Assembly . . .
compaction Values in 2 Average Values in 2 Average
(As in Table 5) samples 9 samples g
A B C E F G
Top Lug and Head 0.117 0.223
1 Tube 0.34 0.126 0.122 0.214 0.218
Top Lug and Top 0.148 0.532
2 . 157 .524
Tube 068 0.165 0.15 0.515 05
Bottom Lug and 0.142 0.248
3 0.39 0.112 0.278
Head Tube 0.082 0.308
Bottom Lug and 0.135 0.505
4 0.64 0.127 0.513
Bottom Tube 0.119 0.521

Clearance “C,” between
Top Lug & Head Tube
(Shown Magnified) —» [«—

TopLugL/\
[ ()

r'y

(g
N

45.50
Average “L,”

Mating
Head Tubé i

Circular —\
taper cut \
98
-
Mating
Top Tube

Clearance “C,” between
Lug & Top Tube
(Shown Magnified)

Fig.19. Volume of brass layer in top lug joint.
(full colour version available online)

6. Optimization of the brass consumption

Consumption of brass in brazing
is directly proportional to the clearance between
the joint. Hence to reduce the brass
consumption it is necessary to reduce the joint
clearance by squeezing the joint mechanically
from all sides.

Quantity of brass — filler material trapped
between the mating surfaces of the joint

is estimated. Volumetric calculations of brass
based upon the contact area between the lugs
and the tubes are as under.

6.1 Volumetric calculations for Top Lug Joint

Various dimensions of “Top Lug”
which are having relationship with contact
area between the mating tubes are shown

in Fig. 19. The clearances “C;” — between
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the lug and the “Head Tube” and “C,” —
between the lug and the “Top Tube” have
been shown magnified for clarity. First of all
average lengths of engagement “L:” and “L,”
of socket of the lug covering each tube
is calculated from the maximum and
minimum lengths of the trapezoidal-cut lugs.

Nominal outside diameter of the “Head
Tube” (DH) = 31.75 mm.

Nominal outer diameter of the “Top
Tube” (DT) = 25.4 mm.

Average length of cylindrical socket
covering “Head Tube” {Term “L;” as shown
in Fig. 19} = (45.5+ 23) / 2= 34.25 mm.

Average length of cylindrical socket
covering  “Top  Tube” {Term  “L,”
as shown in Fig. 19} = (28.94 + 19.88) / 2 =
24.41 mm.

6.1.1 Computation of joint clearance volume
before compaction

Maximum clearance between “Top Lug”
bore and “Head Tube” outside diameter {(Term
“C1” as shown in Fig. 19) and value as per
Fig. 5} = 0.34 mm.

Clearance volume of cylindrical socket
covering “Head Tube” (V1) = nxDHxL1xCy =
nx31.75%34.25x0.34 = 1161.5 mm?.

Maximum clearance between “Top Lug”
bore and “Top Tube” outside diameter {(Term
“Cy” as shown in Fig. 19) and value as per
Fig. 5} =0.68 mm.

Clearance volume of cylindrical socket
covering “Top Tube” (V2) = mxDTxLoxC; =
1x25.4x24.41x0.68 = 1324.5 mm?.

Total Clearance volume for both
the sockets of the “Top Lug” joint = (V1) + (V2)
=1161.5 + 1324.5 = 2486 mm?®, (A)

6.1.2 Computation of joint clearance volume
after compaction and Brazing

Joint brazing thickness between “Top
Lug” and “Head Tube” {Cell value (E,) - as per
Table 7} = 0.122 mm.

Brazing volume of “Top Lug” socket
covering “Head Tube” (V3) = nxDHxLixE; =
nx31.75%34.25x0.122 = 416.78 mm?®,

Joint brazing thickness between “Top
Lug” and “Top Tube” {Cell value (E2) - as per
Table 7} = 0.157 mm.

Brazing volume of “Top Lug” socket
covering “Top Tube” (Vi) = nxDTxLyxE; =
nx25.4x24.41x0.157 = 305.8 mm?.

Total brazing volume for both the sockets
of the “Top Lug” joint = (V3) + (V4) = 416.78 +
305.8 = 722.6 mm?, (B)

Volume of brass saved in brazing due to
compaction of “Top Lug” joint = (A) - (B) =
2486 — 722.6 = 1763.4 mm®,

Density of 60:40 Brass = 8.525 g-cm™,

Reduction in consumption of brass

in brazing after compaction of “Top Lug” joint
=(1763.4x8.525) / 1000 = 15.1 g. (©

6.2 Volumetric calculations for Bottom Lug
Joint

Various dimensions of “Bottom Lug”
which are having relationship with contact
area between the mating tubes are shown in
Fig. 20. The clearances “Cs” — between the
lug and the “Head Tube” and “Cs” — between
the lug and the “Bottom Tube” have been
shown magnified for clarity. First of all
average lengths of engagement “Ls” and “L4”
of socke of the lug covering each tube is
calculated from the maximum and minimum
lengths of the trapezoidal-cut lugs.

Nominal outside diameter of the “Head
Tube” (DH) = 31.75 mm.

Nominal outer diameter of the “Bottom
Tube” (DB) = 28.57 mm.

Average length of cylindrical socket
covering “Head Tube” {Term “Ls” as shown
in Fig. 20} = (47 + 27.39) / 2 = 37.2 mm.

Average length of cylindrical socket
covering “Bottom Tube” {Term “L4” as
shown in Fig. 20} = (39.78 + 26.26) / 2 =
33.02 mm.
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Mating

Bottom
Lug

Head Tube

Clearance “C,” between
. — Lug & Bottom Tube
I (Shown Magnified)

/

P

47

Average “L3”
27.39

\
!

Clearance “C;” between —.l Iq—

Bottom Lug & Head Tube
(Shown Magnified)

T
0 Z
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Bottom Tube

Fig. 20. Volume of brass layer in bottom lug joint.
(full colour version available online)

6.2.1 Computation of joint clearance volume
before compaction

“Bottom
Lug” bore and “Head Tube” outside diameter
{(Term “C3z” as shown in Fig. 20) and value
as per Fig. 5} = 0.39 mm.

Maximum clearance between

Clearance volume of cylindrical socket
covering “Head Tube” (Vs) = nxDHxL3xCsz =
nx31.75%37.2x0.39 = 1447.1 mm?,

Maximum clearance between “Bottom
Lug” bore and “Bottom Tube” outside diameter
{(Term “C4” as shown in Fig. 20) and value

as per Fig. 5} = 0.64 mm.

Clearance volume of cylindrical socket
covering “Bottom Tube” (Vs) = nxDBxL4xCy =
nx28.57%33.02x0.64 = 1896.8 mm?.

Total Clearance volume for both the
sockets of the “Bottom Lug” joint = (Vs) + (Vs)
= 1447.1 + 1896.8 = 3343.9 mm?. (D)

6.2.2 Computation of joint clearance volume
after compaction and brazing

Joint brazing thickness between “Bottom
Lug” and “Head Tube” {Cell value (Es) - as per
Table 7} = 0.112 mm.

Brazing volume of “Bottom Lug” socket
covering “Head Tube” (V7) = nxDHxLsxE3 =
nx31.75%37.2x0.112 = 415.6 mm?.

Joint brazing thickness between “Bottom
Lug” and “Bottom Tube” {Cell value (Es) —
as per Table 7} = 0.127 mm.

Brazing volume of “Bottom Lug” socket
covering “Bottom Tube” (V) = nxDBxL4xE4 =
nx28.57%33.02x0.127 = 376.4 mm?®,

Total brazing volume for both the sockets
of the “Top Lug” joint = (V7) + (Vs) = 415.6 +
376.4 =792 mm?, (E)

Volume of brass saved in brazing due to
compaction of “Bottom Lug” joint = (D) - (E) =
3343.9 - 792 = 2551.9 mm?,

Density of 60:40 Brass = 8.525 g-cm™,

Reduction in consumption of brass

in brazing after compaction of “Bottom Lug”
joint (2551.9 x 8.525) / 1000 = 21.8 g (F).

Total reduction in consumption of brass
in brazing after compaction of the head part
of the frame = (C) + (F) = 15.1 + 21.8=379¢g
(G).

The brass consumption as in (G) above
can be compared against the existing average
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brass consumption of 47.5 grams as shown
in Fig. 8b.

7. Conclusion and recommendations
7.1 Conclusion

It can be concluded that by carefully
planned mechanical compaction of the tube and
socket joint,

a) the joint clearance can be substantially
reduced,

b) better capillary action can be achieved
for an improved flow of brass,

¢) partial dipping of the joint in molten
brass is able to cause adequate flow of brass,

d) consumption of brass can be reduced,
without sacrificing the joint strength.

7.2 Recommendations

It is recommended to carry out more
research to establish the extra amount of radial
compaction in the die to compensate the spring-
back action in the material of the sheet formed
lugs, after removal of the compacting force
by the die. Such an amount of extra compaction
needs to be established by more iterative
practical trials.

If need be, more number of stages
of compaction to be added in the process,
if compaction beyond 0.35 mm becomes
necessary (to achieve 0.03-0.04 mm clearance
ideally suited for an effective capillary action
required for dip brazing).

It is recommended to extend the process
of joint compaction in “Seat lug” joint and
“Bottom Bracket” joint as well.

It is recommended to use the sheet
formed lugs that are within the prescribed
tolerance limits of +0.08 mm on the bore
diameter.

It is further recommended to narrow
down the tolerance on the outer diameter
of steel tubes to +0.03-0.10 mm as described
in Table 4, to optimize the initial clearance
in the joints.
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1. Introduction binds together and provides form to an array

The investigation of friction and wear
caught the attention of many scientists during
the course of the last few decades, however,
consistent and sustained scientific investigation
into friction and wear is a relatively recent
phenomenon. The concept of developing special
materials and coatings to overcome friction and
wear problems is becoming a reality.
Composites are the class of material that
evolved with the existence of nature. Nature
inspires the today’s composite advancement
inthe field of aeronautical, aerospace,
automotive and structural sector. Composites
are engineered materials that have been
designed to provide significantly higher specific
stiffness and specific strength i.e. higher
structural efficiency relative to previously
available structural materials. As a common
practical definition, composite materials may be
restricted to emphasize those materials that
contain a continuous matrix constituent that

of a stronger, stiffer reinforcement constituent.
The resulting composite material has a balance
of structural properties that is superior to either
constituent material alone [1]. Reinforced
concrete is an excellent example of a composite
structure in which the concrete and steel still
retain their identities.

Das et al. [2] proposed that some
of the aluminum alloys exhibit wide range
of properties but lacks in tribological properties,
which limits its use to certain applications. Das
etal. [3] have developed an aluminum matrix
composite with reinforcement of hard particles that
is the widely used option for enhancing tribological
properties as compared to other techniques,
in terms of ease and economics involved along with
the achievement of desired properties.

2. Experimentation
In the present work, aluminum alloy was
chosen as the matrix material due to its light
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Table 1
Nominal (NCC) and actual (ACC) chemical composition of the aluminum alloy.

Elements Si Fe Cu Mn Mg Zn Ni Al
NCC 10-12 1 0.7-1.4 0.5 0.8-1.5 0.2-0.5 1.0-1.5 Bal.
ACC 11.8 0.6 1.1 - 1.3 0.2 1.3 Bal.
weight with good corrosion resistance. SiC has Before each test, the track was properly cleaned
been used as the reinforcement material because with acetone. All the wear tests were conducted
of high hardness, high modulus of elasticity on the new wear tracks in order to get similar
with good thermal stability. The chemical test conditions. A constant sliding velocity
composition of the aluminum alloy is presented of 1.75 m s!' was maintained throughout
in Table 1. the experiment and sliding distance covered

Effect of the reinforced SiC particle size during the experiment was about 3000 meters.
on the wear behavior of the composites
is monitored in the present work. For this 4. Results and Discussion
purpose two ranges of sizes were selected 4.1 Effect of load on the wear behavior

for the reinforcement: fine size and coarse size. Figs. 1 and 2 shows the variation of wear

In the present investigation, stir casting rate with sliding distance at different applied
technique is used for the development loads for the composites having 3 and 9 wt. %
of the composite. This process involves of fine and coarse size SIiC particles,
the mixing of the particles into aluminum melt respectively. The wear rate of 3 wt. % fine and
with the help of the stirrer and then allows coarse size reinforced composite, as a function
the material to solidify in the mold at the normal of sliding distance at variable loads from 9.8 N
environmental conditions [4]. Afterwards, to 49 N is shown in Fig. la-b. The wear rate
the melt was transferred to the metal mold in the composites is observed to increase with
of cast iron of dimension 0.1x0.1x0.05 m and increasing load. However, the 3 wt. % fine size
then allowed to solidify at room temperature. reinforced  composite  (Fig. 1a) shows
The samples were prepared by using SiC aminimum wear rate. In the initial stages
reinforcement of 3 %, and 9 % (by weight) with of run, the abrasive wear between the two
fine and coarse particles. surfaces in relative motion is dominant.

The abrasive wear is controlled by the asperity
3. Characterization to asperity contact of the two surfaces. The pin

The dry sliding wear test, using specimen of the composite and the hard steel
the pin-on-disc method, was done to study counter surface contains large asperities
the wear behavior of the prepared composite. of different height, shape and sharpness [5].
The samples of the cast composite were Some of the protruded asperities
machined to 8 mm diameter cylindrical pins and of the hard surface may penetrate into the softer
the wear tests were performed on pin on disc pin. Subsequent sliding due to the reciprocating
under the dry sliding conditions in ambient air motion leads to the removal of material.
at controlled temperature. The wear tests were The abrasive wear is accompanied by the formation
conducted at different loads (9.8 N, 19.6 N, of thin and shallow grooves on the specimen.
29.4 N, 39.2 N and 49 N). All the aluminum So the initial stages of run have shown very
composite samples were tested against EN32 heavy wear loss due to the statistical
steel disc having 65HRC hardness. Average fluctuations in wear. The continuous grinding
value of the wear rate was calculated bases of these abrasive particles while sliding reduces
on three observations by taking run three times. the sharpness of the asperities. These blunt
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Fig. 1. The wear rate of composites against sliding distance at different loads for 3 wt. %.
(full colour version available online)
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Fig. 2. The wear rate of composites against sliding distance at different loads for 9 wt. %.
(full colour version available online)

shaped smooth abrasives cause fall
in the wear loss and the steady state
is attained. The similar type of wear behavior
is also observed by Chaudhary et al. [6] and
Onat [7]. The continuous increase in the wear
rate isobserved in all the composites with
the increase in load from 9.8 N to 49 N.
Application of the high load causes huge
removal of material, which may be explained
based on plastic deformation. The oxide film,

which acts as a cover envelope to the metal
surface, breaks during the dry sliding, thus
bringing the surfaces in contact.

On increasing the amount of SiC
particles in the composite from 3 to 9 wt. %
further reduction in wear rate is observed
as shown in Fig. 2a-b. Improvement
of the wear resistance with increasing
the amount of SiC particles from 3 wt. %
to 9 wt. % was observed at all applied loads.
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The high wear rate of the material during
therun in wear stage was observed for
the 9 wt. % coarse size SiC particles
composite because the coarse size SiC
particles have smaller surface area
as compared to the fine size SiC particle
inside the composites. The large surface area
of fine size SiC particles increases
the interfacial area [5]. This, in turn, increases
the brittleness and enhances the hardness
ofthe 9 wt. % SiC particles composite.
The improvement in wear resistance can
be attributed to the increased hard SiC particle
addition, which restricts the damage from
the abrasives of the counter surface, which
is evident from the graph even at higher
applied loads of 49 N.

4.2 Analysis of wear traces at applied peak
loads

The removal of the material from
the contacting surface during the dry sliding
conditions leaves numerous permanent
impressions on the surface of the composites.
A careful investigation of the wear traces and
the wear debris help to understand the wear
mechanism. The particular type of wear which
is responsible for the wear loss depends upon
the various factors like the sliding speed,
sliding distance, applied load and frictional
temperature at which wear tests are
performed, [8]. The SEM  micrographs
of the wear traces of composites, containing
different size and amount of the SiC
particles, tested at 49 N loads, are presented
in the Figs. 3 and 4. The scar on the sliding
surfaces suggests that the abrasive wear
is the dominating mechanism under these
conditions. The asperities of the contacting
surfaces undergo plastic deformation during
sliding due to the normal stress, [9]. The high
local pressure generated due to the relative
motion between the contact surfaces leads
to welding of asperities. As the sliding

continues, breaking of bonds generates micro
cavities, which further cause tiny particles
abrasion. Fig. 3a shows the wear traces
micrographs of the 3 wt. % fine size SiC
reinforced composites at higher load (49 N);
wear traces clearly show the groove formation
by the abrasive action of the asperities
at the point of actual contact as presented
in Figs. 3a. Fig. 3b shows the wear traces
micrographs of the 3 wt. % coarse size SiC
reinforced composites at higher load (49 N);
the increased depth and width of the grooves
indicate the transition from the mild wear
to severe wear. The wear traces are also
covered with the thin white oxide layer, which
protects the matrix, but rupturing of the oxide
layer leads to transition in the wear mode,
[10], which isresponsible for increase
of the delamination area, as shown in Fig. 3b.

Fig. 4a shows the delaminated area
along with the abrasive grooves on the worn
surface of the 9 wt. % fine size SiC reinforced
composite. Due to the presence of SiC
particles in the matrix, abrasive grooves are
created on the surfaces during the continuous
sliding of the materials. Some adhesive debris
is present on the wear trace due to the thermal
welding between the contact areas, [11].
Surface presents the view of the delaminated
area as observed in the micrograph (Fig. 4a).
Fig. 4b shows the worn surface of the 9 wt. %
coarse size SiC reinforced composite tested at
49 N. The larger delaminated area with deeper
grooves indicates the higher wear rate due
to the increased depth of the grooves because
of the change in shape of asperities.
The plastic deformation has left more patchy
scars on the surface. At 49 N load, 9 wt. %
coarse size SiC reinforced composite exhibits
the worn surface with much more delaminated
area and some sign of chipping out
of particles during the wear test, which
is responsible for the higher wear rate
as shown in Fig. 4b.
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a) fine size reinforced
Fig. 4. The wear traces of composites at 49 N loads for 9 wt. %.

4.3 Analysis of wear debris at applied peak
loads

The size of debris of the 3 wt. % fine size
SiC reinforced composite is smaller at higher
load (49 N) as compared to 3 wt. % coarse size
SiC reinforced composite. The flake type debris
(Fig. 5a) gives the indication of adhesive wear
due to the transfer of material from
the contacting surfaces in relative motion due
to the solid phase welding or localized bonding.
Deep grooves along with the flake type
structure formed under high stress can be easily
seen on the debris in Fig. 5b, which indicates
the high wear rate of the material. At the higher
load (49 N) conditions, the wear loss is due to

b) coarse size reinforced

the combination of adhesion and delamination.
The delamination wear is prominent at higher
load because of the fragmentation of oxide
layer, which covers the surface due to
the accelerated oxidation of the metal surface
layers in contact, [12].

Fig. 6a shows that at higher load, (49 N),
larger size debris (flakes like shape is observed
after the wear test and this type of wear debris
indicates that the adhesive wear dominates
in the sliding direction during the wear. Due to
the adhesive nature at high load, metal
is chipped out in the form of flakes as debris,
however, the small size debris are generated
by crushing of flakes at higher load, [13].
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a) fine size reinforced

b) coarse size reinforced

Fig. 5. The wear debris of composites at 49 N loads for 3 wt. %.

a) fine size reinforced
Fig. 6. The wear debris of composites at 49 N loads for 9 wt. %.

Some debris with grooves is observed
in Fig. 6b, which indicates that the coarse
particles have chipped out from matrix and
those particles move between the contact
surfaces in the sliding direction and generate
grooves on the debris. Wear is governed
by delamination,  which  gives  plate-like
morphology of debris with micro cracks, [8].
The large flat plate type morphology indicates
the huge removal of material at higher load
(49N), which is shown in Fig. 6b.
The fragmentation of debris was observed,
which may be due to continuous rubbing
of delaminated flakes between the contacting
surfaces. The debris trapped in wear traces leads
to a corrugated structure, shown in Fig. 6a.

b) coarse size reinforced

5. Conclusion

In the present study, the particle
reinforced metal matrix composite was
developed by the stir casting process.
Toinvestigate the effect of SiC particles
on the wear behavior of the composites, SiC
particles of two sizes fine, and coarse were
incorporated in two different amounts (3 and
9 wt. %). It was concluded from the study that
at the higher loads more wear was noticed.
From the experimental study was also observed
that the wear resistance of the composite
materials  increases  with an  increase
in reinforcement of SiC, although an increase
the size of the reinforcement SiC does not result
in an appreciable change of the wear rate.
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The microstructural study of specimen after
the wear test leads to the conclusion that both
adhesive and abrasive wear mechanisms
contribute for wear of composites.
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1. Introduction

Compared with steel and aluminum,
magnesium (Mg) is used commonly as the lightest
structural metal for the low specific gravity.
Additionally, there are many other advantages
of magnesium, such as high specific strength
and specific stiffness, excellent damping
capacity and recyclability, relatively good
conductivity and shielding capacity, and
etc. The magnesium alloy has a great potential
to be used in automobile, electronic products,
aerospace and defense. And the application
of magnesium alloys grows at the fastest rate
every year in the world [1 - 4]. The research
of magnesium alloys has been more extensive
since 2000. AZ80 alloy is one of the most
typical cast Mg alloys with low price and good
mechanical properties [5 - 8]. There have been
several studies to investigate AZ80 magnesium
alloy. Hilpert et al. [9] studied corrosion fatigue

behavior of the high-strength magnesium alloy
AZ80 and showed that roller burnishing led
to outstanding fatigue performance. In another
study, effect of heat treatment on microstructure
and tensile deformation of Mg AZ80 alloy
atroom temperature has been investigated.
It has been shown that the dissolution of y-phase
in materials homogenized for 5 h significantly
improves the castings ductility [10]. Moreover,
it has also been reported that continuous
networks of B-Mgl7AIl12 formed along grain
boundaries acted as effective crack propagation
paths, which had negative effects on the weld
strength [11].

Up to now, most of the magnesium alloy
products are fabricated by direct chill (DC)
casting. It is very easy to process foundry
defects, especially hot cracking appearing in DC
casting when filling of the mould cavity,
because heat transfer, which takes place
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between the metal surface and the walls
of the mould, will directly affect the subsequent
processing as genetic effect. Therefore,
it is important to eliminate the casting defects
inorder to improve microstructure and
properties of the alloy. Low-frequency
electromagnetic casting (LFEC) is developed
by Cui and his colleagues [12 - 15], which can
improve properties of the alloy by precisely
controlling the fluid flow and temperature field.
Their research suggests the application of low-
frequency electromagnetic field can refine
microstructure of aluminum alloys remarkably,
decrease the macro segregation, increase
the mechanical properties of casting alloys, and
improve the surface quality of ingot and hinder
crack efficiently.

In addition, with the development
of finite  element calculation, numerical
simulation has become the effective and
convenient technology tools of engineering
analysis science research besides experiment
and theory. A large number of experiments were
performed to obtain best process parameters,
but this resulted in costly and time consuming
and sometimes it was impossible in the past.
Thus, the process was modeled and analyzed
by the finite element method at first, and then
the result was verified by experiments. Many
mathematical models for a continuous casting
process have been developed. There are also
some studies about semi-continuous casting
process simulation when the low-frequency
electromagnetic exists. Zhang et al. [16, 17]
presented a numerical simulation model
for 7XXX aluminum alloys which could predict
electromagnetic field, fluid flow, heat transfer
and solidification during low frequency
electromagnetic casting. Yoshioka et al. [18]
studied the heat transfer and solidification
processes of alloy melt with undercooling.
In this investigation, an analytical model was
proposed to predict the temperature change,
interface movement, and solute concentration
distribution during the solidification
of an undercooled Bi—Sn melt. Faraji et al. [19]

investigated the finite element method (FEM)
and an experiment of the accumulative back
extrusion (ABE) processing of an AZ91
magnesium alloy. Le et al. [20] studied
the effect of electromagnetic field on the hot-top
casting by numerical simulation. Kageyama
etal. [21] developed a three dimensional
numerical model and predicted the behavior
of steel in the field of an electromagnetic caster.
Bermudez et al.[22]studied the ingot
temperature in DC and EMC metal castings, and
they solved the free boundary problem using
afixed domain method. Shao et al. [23]
investigated the influence of low frequency
electromagnetic field and power ultrasonic field
on DC casting. However, there are few reports
that discuss the effects of low-frequency
electromagnetic field on AZ80 magnesium alloy
systematically during DC casting with the mold
of forged aluminum by numerical calculation.

In this paper, the FEM and
an experimental investigation were performed
to investigate the effects of the electromagnetic
field on the semi continuous casting of AZ80
magnesium alloy. This developed model
includes  non-linear  material  properties
of specific heat and thermal conductivity as well
as phase changes during solidification.

2. Numerical simulations

Many facts influenced the flow and heat
transfer of melt, in order to solve the problem,
the model were simplified and some necessary
assumptions were given:

@ The meniscus shape and calculation
of the solute field were not comprised
in the study.

2 The molten magnesium alloys deemed
as an incompressible fluid, so the density
of the melt was set down as constant.

3 The effect of displacement current was
ignored. Because the molten metal is good
conductor of electricity in which the charge
relaxation time is much lower than the transit
time of electromagnetic waves.
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(@) The distribution of the magnetic field
was not influenced by the variety of the fluid
field. As for LFEC process of magnesium
alloys, the magnetic Reynolds number Rp
isless than 1 (where x is permeability,
o the electric conductivity, U, the characteristic
velocity and Lo is characteristic length), which
will result the second term of right hand side
of the Ohm’s Law (J=c(E+UxB)) is ignored.
(5) Joule heating was not considered in this
model because it was so tiny compared with
the total quantity of heat in the system.
Compared to the entropy inflow with
the liquid magnesium, the Joule heat produced
during LFEC process is so small that can
be ignored.

The governing equations in calculation
of LFEC process are expressed as follows [17]:

Ampere’s law:

dF
VXE=——
e (1)

Faraday’s law:

VB =oE (2)

Gauss’s law of electric field:

V-E=10 (3)

V-BE=10 (4)

where E is the electric field intensity vector, B is
the magnetic flux density vector;
t is the time and s the electric conductivity.

It is essential to give a constitutive
equation about electromagnetic volume density
fsm, which can be given as:

fom =] X B (5)

On the basis of hypothesis (4),
the conduction current J can be expressed as:

J =cFE (6)

The time average electromagnetic volume
force density F which is introduced to link
electromagnetic field and other physics fields
can be obtained as:

1
F=:

R,(J X B) -

where, Re is the real part of a complex quantity.

Computer simulations of the effects
of various casting conditions on the steady-state
temperature distribution and sump profile and
flow patterns during LEFC process of AZ80
alloy are performed with ANSYS software.
To analyze the problem, 2-Dimensional models
are constructed in ANSYS finite element
software. Considering the symmetry, only one
half of the billet is modeled. The calculation
domain 1600 mm high and 80 mm in radius
is divided into rectangular blocks.
Thermophysical parameters used in these
simulations are  described in  Fig. 1.
The boundary conditions at the inlet and outlet
are a constant temperature and a constant
velocity. All free surfaces are treated
as the static adiabatic wall. Symmetry axis
boundary condition is applied to axisymmetric
boundary condition. Mold cooling refers
to the region where the billet is within the mold
at a given time. Equation (8) and (9) expresses
these boundary conditions:

ar
krhar‘mﬁl a = h(T - Tan:] (8)
h = hcﬂnmcr[l_ ﬂ'] + h’Ei?“ X Jf;; (9)

where h is the heat transfer coefficient
at the boundary; Ten is the environment
temperature and it is set to 323 K; hcontact
is the heat transfer coefficient at the mold and
is given as 1000 W m=2KL; hg is the heat
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Waler

Fig. 2. Schematic diagram of LFEC process
of AZ80 Mg alloy billets

is comprised of two regions: the impingement
zone and the free falling zone, which refer
to the areas below the mold that are in contact
with water. The idealized boiling water curves
describe the relationships to the heat transfer
coefficient during secondary cooling [24].
This  boundary condition is treated
as the moving wall, and its velocity
is 0.00133 m.s™. In addition, the environment
temperature is given as 300 K. Calculations

are stopped as soon as the steady state
is achieved.

3. Experimental procedures

The material used in this study was
an as-cast AZ80 magnesium alloy with a main
composition of Al 7.9 — 9.2, Zn 0.7 — 0.8,
Mn 0.12 — 0.15, and Mg balance. High purity
Mg, Al, and Zn were used to prepare the alloys,
Mn was added in the form of Al-9 wt. % Mn
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master alloy, respectively. The melting of different positions of the LFEC ingots were

experiment of alloy was conducted by a self-
developed resistance furnace under the No. 2
covering flux and CO, + 0.5 vol. % SF6

atmosphere, which was to protect molten
magnesium from oxidation (Fig. 2).
Since the liquidus temperature

of the alloy was 880 K, the melt was overheated
to 930 + 5 K; this temperature had been verified
to maintain the alloy composition as its initial
ingredient. The metal was held for 20 min
to ensure the alloying elements were completely
dissolved and a homogenous composition was
obtained. The melt was poured to a water-
cooled mold with a diameter of 160 mm,
aheight of 120 mm and a wall-thickness
of 10 mm at 930 K and cast into billets with
adiameter of 160 mm at a velocity
of 0.00133 m.s*. The cooling water flow rate
was 70 L.min' during the casting.
The electromagnetic field was applied by a 100
turns water-cooling copper coil surrounding
themold made of forged aluminum.
The experiment of LFEC results was compared
with the simulation results. The cooling curves

1000

measured by means of five K-type chromel-
alumel thermocouple, which were even
distribution of radial direction of billet.

4. Results and discussions
4.1 Comparison between calculated results and
experimental results

Fig. 3 shows the comparison of between
the calculated results and the measured results
for cooling curves at distance of 0, 0.04 and
0.08 m from the center of the billets during
the LFEC process. It is found that numerical
simulation results are basically consistent with
the experiment results and the model is effective
and feasible. First, the temperature of melt slow
descends to liquidus due to the conduction
of the mould and cooling water, and then
the temperature continues to decrease
at a higher rate but the cooling rate of measured
positions are totally different. Additionally,
the cooling rate in the edge position of billet
is significant higher than other position because
there is a larger thermal conductivity rate
at the region closed to the mould.

Liquidus

Solidus

Temperature (K)

[

o

o
T

m  measured results

400 - calculated results

300

" d(m),distance from centerline of billet
L 1 L 1 L 1 L 1

0.00 0.03 0.06

0.09 0.12 0.15

Distance from top of billet (m)

Fig. 3. Comparison between the calculated and measured results: the cooling curves in LFEC processing.
(full colour version available online)

Materials Engineering - Materialové inzinierstvo 23(2016) 164-179



Y. Bai, R. Wei, Q. Le, H. Zhang: Modeling of AZ80 magnesium alloy casting process under different 169

electromagnetic frequency

In order to investigate the effects
of electromagnetic parameters on distribution
of temperature field, fluid flow and heat
transfer, all parameters except
electromagnetic frequency and intensity are
fixed. In the first place the effect of frequency

is  mainly analyzed, therefore, the
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electromagnetic intensity keeps being 6000At,
and electromagnetic frequency is set as 10 Hz,
20 Hz, 30 Hz, 50 Hz and 100 Hz,
respectively. In  the second place,
the electromagnetic frequency keeps being
30 Hz, and electromagnetic intensity is set
as 6000 At, 9000 At, 12000 At, respectively.
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Fig.4. Magnetic flux density contours and vectors under different electromagnetic frequency.
(full colour version available online)
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Fig.5. Magnetic flux density from the surface to the center of the billets on the given path (y = -0.035 in Fig.4)
under different electromagnetic frequency.
(full colour version available online)

4.2 Magnetic flux density

The magnetic flux density contours and
vectors in the billets cast during the LFEC
process at various electromagnetic frequency
are shown in Fig. 4. It is found that
the maximum of magnetic flux density decrease
slowly with the increase of electromagnetic
frequency. Due to the skin effect of alternative
electromagnetic field, the magnetic flux density
declines from the surface to the center of billet,
when the frequency is lower level (10 Hz and
20 Hz). Additionally, there is a vortex
ofmagnetic flux density in the billets when the
frequency is over 30 Hz. Fig. 5 shows variation
of magnetic flux density on given path
(y = -0.035 in Fig. 4) from the center of billets
to the outer surface of the mold under different
electromagnetic frequency. The distribution
of electromagnetic wave in conductor can be
expressed as equation (10):

_ —ryzfuc
B=B,e " (10

where r is the distance from the surface
to the center of billets along the given path,
f the frequency and Byp is the magnetic flux
density at the surface of billets along the given
path. From this we could know the magnetic
flux density decreases exponentially
from surface to the center of billet, and
the attenuation rate increases with increasing
frequency. Nevertheless, the magnetic flux
density decreases first and then increases when
the frequency exceed 30 Hz, and there is a trend
to the surface of billet on the location
of the minimum of the magnetic flux density as
seen in Fig. 5. The main reason is that the eddy
current introduced by the source current
in the coil, which is opposite to the source
current. The electromagnetic field of same
frequency generated by the eddy current also
is opposite  to the electromagnetic field
generated by the source current. The magnetic
flux  density  showed in Fig. 4
is the superimposed result of the two
electromagnetic ~ fields mentioned above.
The penetrating depth of electromagnetic field
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produced by the source current is larger than the
eddy current when the frequency is low.
Therefore, the magnetic flux density attenuates
exponentially from surface to the center of billet
under frequency of 10 Hz, 20 Hz and 30 Hz.
However, the penetrating depth electromagnetic
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field produced by the source current
is shallower than that by the eddy current
in the center zone of billets when the frequency
is greater than 30 Hz, which results
in the wvarying of magnetic flux density
in the center of billets.
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Fig.6. Time average electromagnetic volume force density contours and vectors under different electromagnetic
frequency.
(full colour version available online)
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4.3 Time average electromagnetic volume
force density

Fig. 6 shows the time average
electromagnetic volume force density contours
and vectors when electromagnetic frequency
isin the range of 10 — 5 OHz. It is found that
the time average electromagnetic volume force
density in the area of skin effect increases when
electromagnetic frequency increase. In addition,
the increase of frequency has no effect
on the direction of the electromagnetic volume
force density. The time average electromagnetic
volume force from the surface to the center
of the billets on the given path (y = -0.035
inFig. 4) under different electromagnetic
frequency are shown in Fig. 7. The direction
of the electromagnetic volume force density
on the path is perpendicular to the surface and
pointing to the center of billets. According
to reference [16],

_ o2
F=Fe a1

where Fo is the electromagnetic volume force

density at the surface of billets along the given path.
In the light of Eqg. (11), like the magnetic flux
density, the electromagnetic volume force density
decreases exponentially from surface to the center
of billet, and the attenuation rate increases with
increasing frequency, as seen in Fig. 7.

4.4 Fluid flow field

Figs. 8 - 10 show velocity vectors,
velocity profiles and streamline patterns under
different electromagnetic frequency. The melt
flow is similar for all four different cases.
The direction of melt flow is not changed with
electromagnetic frequency as seen in Fig. 8.
It is, however, clearly seen that the maximum
velocity of melt flow increases with increasing
electromagnetic ~ frequency in  Fig. 9,
which is same with the change trend
of electromagnetic volume force. In addition,
it is observed that there is a lager eddy current
in molten pool and a small circulation near
the solidification front at the surface region
of the billet from Fig. 9. Moreover the location
of maximum velocity is near the surface
of billet, and the location of minimum velocity
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Fig.7. Time average electromagnetic volume force from the surface to the center of the billets on the given
path(y=-0.035in Fig.4) under different electromagnetic frequency.
(full colour version available online)
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is the inlet. The location of maximum velocity
moves to the center of billet with the increase
of electromagnetic frequency. The velocity
distribution is non-uniform in the given path
when the electromagnetic frequency is 10 Hz.
As shown in Fig. 11, the velocity is quite
well-distributed when electromagnetic
frequency isin the range of 20 — 50 Hz.
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It is reason that zone of electromagnetic
volume force reduces when
electromagnetic frequency increases, caused
by the electromagnetic penetration depth
decreases with the increase of electromagnetic
frequency. It means that the non-evenness
of flow due to the skin effect of alternative
electromagnetic field.
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Fig.8. Velocity vectors with temperature profiles under different electromagnetic frequency.
(full colour version available online)
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Fig.9. Velocity profiles under different electromagnetic frequency.
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Fig.10. Streamline patterns with temperature profiles under different electromagnetic frequency.
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Fig.11.Velocity on the given path(y=-0.02 in Fig.4) under different electromagnetic frequency.
(full colour version available online)

4.5 Temperature field

The temperature profiles under different
electromagnetic frequency are shown in Fig. 12.
It is found that the uniform temperature
distribution is obtained under the function
of electromagnetic field. However,
the temperature field is influenced little
by the electromagnetic frequency. Fig. 13 shows
the sump shape and sump depth under different
electromagnetic frequency. It is observed that
electromagnetic frequency has no effect
on the sump shape, and the sump depth
becomes  deeper  with  the  increase
of electromagnetic frequency, but it shows
alittle drop as the frequency is 30 Hz.
This is because the increase of intensity
determined by the electromagnetic volume
force.

5. Conclusions

In this study, the effects
of electromagnetic frequency on AZ80 alloys
during DC casting process are investigated.
Thestudy has focused on the influence
of electromagnetic field on the magnetic flux
density, time average electromagnetic volume
force density, flow field and temperature field.
The model could be used to predict the optimum
process  parameters on  electromagnetic
frequency and electromagnetic intensity.

Increasing the electromagnetic frequency
leads to a decrease in magnetic flux density,
an increase in electromagnetic force, first rise
and then descending in relative velocity, and
tiny changes in temperature field. The uniform
temperature  field can  be  obtained
by electromagnetic frequency more than 30 Hz.
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Fig.12. Temperature profiles under different electromagnetic frequency.
(full colour version available online)
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