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bstract

The finite element analysis and experimental approach were employed to examine the flow-through phenomenon occurred in the press forging of
Z31 magnesium-alloy sheets. The material properties tests suggest that the press forging of AZ31 sheets is required to be performed at temperatures
igher than 300 ◦C. An optimum element size was determined first to simulate the appearance of flow-through and the finite element analysis
eveals that the formation of flow-through is mainly due to the insufficient material in the neighborhood of the embossment. The finite element

imulation results also indicate that the sheet thickness and the dimension of the embossment are the major factors affecting the occurrence of
ow-through. Based on the sheet thickness and the embossment dimensions, the limiting curves for the occurrence of flow-through were established

n the present study to predict if the flow-through would occur. These curves provide an important guideline for the press forging design.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Magnesium-alloy has attracted much attention from the elec-
ronics industry in the applications of thin-walled structural
omponents, such as the casings of notebook, mobile phone,
nd digital camera, due to its superior properties of light-weight,
igh specific strength, and good resistance to the electromagnetic
nterference (EMI). Most of the thin-walled structural compo-
ents used in the electronics industry possess a geometric shape
ith embossments, as shown in Fig. 1(a). The principal fab-

ication process of the magnesium-alloy components has been
ie casting. However, the press forging process, which has con-
iderable potential because of its competitive productivity and
erformance, recently emerges as an alternative process in the
anufacture of thin-walled magnesium-alloy electronics com-

onents. Different from the traditional forging processes using
ulk material as blanks, the press forging process squeezes a
hick sheet in the thickness direction to provide enough material
o form the embossments. However, magnesium-alloy normally

xhibits limited ductility at the room temperature due to its
exagonal close-packed (hcp) structure and requires thermal
ctivation to increase its ductility and formability. As for press
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orging, the AZ31 (aluminum 3%, zinc 1%) sheet is consid-
red as the suitable magnesium-alloy for the forging process
t the present time due to its better formability compared to
ther magnesium-alloys [1,2], though considerable efforts are
eing continuously devoted by metallurgists to developing new
rought magnesium-alloys.
Under certain forming conditions, the formation of an

mbossment in a press forging process will result in a cavity,
hich is termed “flow-through” in the present study, on the

everse side of the embossment, as shown in Fig. 1(b). The flow-
hrough is considered as a critical defect of the product since the
everse side of embossment is usually a surface of appearance in
he product. Although a lot of efforts have been made on the press
orming of magnesium-alloy sheets, most of them are focused on
he stamping process [3,4], and few of them are with respect to
ress forging, not to mention the discussions on flow-through. In
he present study, the deformation mechanism of flow-through
nd the effects of process parameters on the formation of flow-
hough were examined using both the finite element analysis and
he experimental approaches. Since the press forging processes
f magnesium-alloy sheets are performed at elevated tempera-
ures, the mechanical properties of AZ31 were first examined

t various temperatures. The ring compression tests were also
onducted to obtain the friction factors (m) at the die–workpiece
nterface at various temperatures with different lubricants. The
ffects of process parameters on the formation of embossments

mailto:fkchen@ntu.edu.tw
dx.doi.org/10.1016/j.jmatprotec.2006.11.192
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ig. 1. Embossment and flow-through in an electronics product. (a) Emboss-
ent; (b) flow-through.

ere then studied with the finite element simulations performed
n a systematic approach. The limit curves for the press forging
f thin-walled magnesium-alloy components without the occur-
ence of flow-through were also established from the finite ele-
ent simulation results. In addition, experiments of press forg-

ng process were conducted to validate the finite element analy-
is. The good agreement between the experimental data and the
nite element results confirms the validity of the finite element
nalysis and the design guideline established in the present study.

. Mechanical properties and friction factors at elevated
emperatures

The compression tests were performed at 25, 100, 200,
00, and 400 ◦C, under various strain-rates of 0.05, 0.5, and
s−1, respectively, to obtain the stress–strain relations of AZ31
agnesium-alloy. In order to retain the constant temperature and

he constant strain-rate during the compression test, the Gleeble
000 testing machine was used to conduct the compression tests.
ig. 2 shows the stress–strain relations of AZ31 magnesium-
lloy at various testing temperatures under the strain-rate of
.5 s−1. It is clearly seen in Fig. 2 that the AZ31 magnesium-
lloy can barely sustain very little deformation at temperatures
nder 100 ◦C and the deformation increases significantly at
emperatures above 200 ◦C. The flow stresses also drop as the
emperature increases, as shown in Fig. 2. However, as seen in
ig. 2, the gap between the stress–strain curves becomes smaller
s the temperature raises from 300 to 400 ◦C. It suggests that

00 ◦C could be an effective forming temperature for the press
orging of AZ31 magnesium-alloy.

In bulk forming processes, such as press forging, a friction
actor m is usually applied to calculate the friction shear stress f

fl

f

ig. 2. Stress–strain relations of AZ31 sheets at various temperatures (ε̇ =
.5 s−1).

ccording to the formula f = mk, where k is the shear yield stress
f the deforming material and 0 ≤ m ≤ 1. The ring compression
ests [5] were performed at 200, 300, and 400 ◦C, respectively,
o evaluate three friction conditions at the die–workpiece inter-
ace: tests with lubricants MoS2 or graphite at the die–workpiece
nterface, and without lubricant. The testing results reveal
hat the effect of testing temperature on the friction factor
s insignificant, and the values of m are 0.2, 0.4, and 0.7
or lubrication with MoS2, graphite, and without lubricant,
espectively.

. Finite element models

Both 2-D and 3-D finite element analyses were preformed in
he present study to investigate the deformation mechanism of
ow-through and the effects of process parameters on its forma-

ion, using the software DEFORM. In the 2-D finite element
nalysis, an axisymmetric model was adopted. On the other
and, a square-shaped model was constructed for the 3-D finite
lement analysis. Both punch and die were treated as rigid bodies
nd the sheet-blank was meshed using the 4-node axisymmetric
lement and 4-node tetrahedral element for 2-D and 3-D analy-
es, respectively. The material properties and the friction factors
t various temperatures obtained from the previous experiments
ere adopted in the finite element simulations.
Since the dimension of flow-through is usually rather small

ompared to other dimensions in the finite element model, the
lement size of the blank in the neighborhood of the emboss-
ent needs to be refined enough to simulate the formation of
ow-through. The flow-through phenomenon cannot even be
etected if the element size is too large compared to the dimen-
ion of embossment. Convergence tests have been performed
n both 2-D and 3-D finite element analyses to determine the
uitable element size of the blank around the embossment. The
onvergence test results reveal that the element size of one-tenth
f the embossment radius is an optimum value for both 2-D and
-D finite element analyses.

. Effects of process parameters on the formation of

ow-through

In order to study the effects of the process parameters on the
ormation of flow-through, the material flow in the press forging
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f an embossment was examined first with the use of the finite
lement analysis. The finite element simulation results reveal
hat the material flows to both side-wall and embossment in the
eginning of press forging. At this stage, the sheet metal under
he punch is still thick enough to provide sufficient material
owing into the embossment. However, when the embossment
eaches a certain height, the sheet metal under the embossment is
o longer sufficient enough to resist the thrust from the surround-
ng material that tends to flow into the embossment, resulting in
he initiation of flow-through. From the material flow pattern,
t can be inferred that the formation of flow-through is related
o blank thickness, blank size, the dimension of embossment,
nd the width of side-wall, in addition to the forming tempera-
ure and friction condition. The finite element analysis was then
erformed to investigate the effect of those process parameters
n the formation of flow-through. In each simulation, the height
f embossment (Hf) at the incipient of the formation of flow-
hrough is used as an index for comparison. The larger value
f Hf means the less opportunity to initiate flow-through. The
alues of Hf in the press forging processes with various blank
imensions at forming temperatures of 200, 300, and 400 ◦C,
espectively, were investigated first. The simulation results indi-
ate that the forming temperature has an insignificant effect on
he formation of flow-through. It is also noticed from the sim-
lation results that the value of Hf becomes larger as the blank
ize increases. It implies that the larger the blank size, the less
s the tendency of the formation of flow-through, because the
arger blank has sufficient material to form both embossment
nd side-wall.

The effects of blank thickness (t) and side-wall width (w) on
he formation of flow-through are indicated in Fig. 3. Since a
hicker blank has enough material under the embossment, it is
asy to avoid the initiation of flow-through. Hence, as seen in
ig. 3, the blank thickness has a significant effect on the forma-

ion of flow-through. It is also noted in Fig. 3 that for thinner
lanks, the flow-through is easy to initiate and the effect of side-
all width is insignificant. The dimension of the embossment

lso has a significant effect on the formation of flow-through.
he simulation results show that the value of Hf decreases as

he dimension of the embossment increases, demonstrating that

he larger the embossment, the easier is the formation of flow-
hrough. This trend is attributed to the large amount material
equired to flow into the embossment, causing the initiation of
ow-through.

ig. 3. The influence of blank thickness and side-wall width on flow-through.
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Fig. 4. The influence of shear friction factor (m) on flow-through.

The effect of friction on the formation of flow-through was
lso examined using the finite element simulations. The friction
actors at the punch–blank interface and the die–blank interface
ere denoted by m1 and m2, respectively, and various values
f 0.2, 0.4, and 0.7 were assigned to both m1 and m2 for the
imulations with the other process parameters remaining the
ame. The simulation results were depicted in Fig. 4 with Hf
alue as the ordinate and blank dimension as the abscissa.

The curves B and C shown in Fig. 4 indicate when both the
unch–blank interface and the die–blank interface have the same
alue of friction factor, the larger value of friction factor is in
avor of avoiding the occurrence of flow-through. The further
nvestigation reveals that the friction at the die–blank interface
m2) has more significant effect on preventing the initiation of
ow-through compared with the friction at the punch–blank

nterface (m1), as shown by the pairs of curves A-B and A-
. It implies that the die–blank interface has more significant

ffect on the material flow in the formation of embossment and
ow-through.

. Limit curves for the occurrence of flow-through

It is concluded from the previous investigation that the major
arameters affecting the formation of flow-through are the blank
hickness and the embossment dimensions. For most electronics
roducts, the radii of embossments are ranged from 1 to 3 mm,
nd the heights of embossments are usually less than 6 mm. In
rder to predict whether the flow-through will occur or not in
he press forging process, a criterion was established using the
eight and radius of an embossment and the blank thickness
s parameters. The finite element simulations were performed
o determine the limit values of embossment radius and blank
hickness, which cause the onset of flow-through, for a fixed
mbossment height with other process parameters remaining
he same. The simulation results for the embossment height of
mm are displayed in Fig. 5 in which both the conditions with
nd without the occurrence of flow-through are plotted. The
urve enveloping the points, which represent the conditions with
ow-through, is defined as the limit curve for the occurrence of

ow-through. It means that if the designed values of embossment
adius and blank thickness for the embossment height of 4mm
re below this limit curve, the flow-through is apt to occur in the
ress forging process, and a special process design is required
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ig. 5. The limit curve for the occurrence of flow-through with embossment
eight of 4 mm.

o avoid the occurrence of flow-through. Similar limit curves
ere also constructed for the embossment heights of 5, and
mm, respectively, in the present study. These curves provide
n important guideline for the press forging design.

. Experimental validation

In order to validate the finite element analysis, two sets
f tooling were designed and manufactured to perform the
ctual press forging processes. The electrical heating device was
mbedded in the tooling to heat both the tooling and the sheet
lank to an elevated temperature. The tooling was mounted on
universal testing machine to conduct the experiments with

raphite as the lubricant. The AZ31 sheets with thickness of
.8 and 3 mm were used for specimens. The deformed spec-
mens with 3 mm thick sheet blank and various embossment
eights formed at 300 ◦C are shown in Fig. 6, the embossment
adius being 2 mm. It is seen in Fig. 6 that the flow-through
ppears when the embossment heights are equal to or larger than
.8 mm. The flow-through is also observed in specimens with
ifferent embossment radii and blank thicknesses. Fig. 7 shows
he comparison between the experimental data and the finite
lement simulation results of the embossment heights at which
he flow-through appears. As seen in Fig. 7, the finite element
imulation result agrees with the experimental data for the spec-
men with 1.8 mm thick blank, but predicts a larger embossment

eight than that of experimental data for 3 mm thick speci-
en. However, the difference is not significant and the trend is

onsistent.

Fig. 6. The deformed specimens with various embossment heights.
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ig. 7. Embossment heights obtained from simulations and experiments with
ifferent blank thicknesses.

. Concluding remarks

The flow-through phenomenon occurred in the press forging
f AZ31 magnesium-alloy sheets was examined by the finite
lement analysis and validated by the experiments performed
n the present study. The material properties tests suggest that
00 ◦C could be an effective forming temperature for the press
orging of AZ31 magnesium-alloy sheets. In the finite element
nalysis, the convergence tests performed in the present study
onfirm that the element size less than one-tenth of the emboss-
ent radius is required for both 2-D and 3-D finite element
eshes to simulate the appearance of flow-through. Simula-

ions with elements around the embossment having a larger
ize may not detect the occurrence of flow-through that is sup-
osed to happen. The finite element simulation results also reveal
hat the formation of flow-through is mainly due to the insuffi-
ient material in the neighborhood of the embossment. Hence,
he blank thickness and the dimension of embossment are the

ajor parameters affecting the occurrence of flow-through. It
urther suggests that the flow-through defect may be improved
y increasing the blank thickness around the embossment locally
y a preforming process instead of using a thicker blank. The
imit curves for the occurrence of flow-through established in
he present study can be used to predict if the flow-through
ould occur based on the blank thickness, embossment radius

nd height chosen. These curves provide an important guideline
or the press forging design.
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