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This paper investigates the electromagnetic interference shielding effectiveness 
(EMI SE) of injection molded ABS disks filled with stainless steel fibers (SSF) and 
nickel-coated graphite fibers (NGF). The effects of fiber type, fiber length and weight 
percentage on SE were studied. Optical microscope (OM) and scanning electron mi- 
croscopy (SEM) observations of the fiber distribution and dispersion were used to 
aid interpretation of the deviation on SE. The effects of processing conditions such 
as ring gate angles and injection speed on SE and fiber dispersions were also inves- 
tigated. It is found that the SE of SSF filled disks is better than that of NGF with 
the same fiber length and weight percentage. The SEM shows that the SSF with se- 
vere twists connect with each other to form a three-dimensional network. Neverthe- 
less, the NGF break into straight fragments, which make it diacult to form net- 
works. With the same type of fiber (SSF), the critical concentration of 6mm was 
similar to that of 4mm. But the SE of 6mm is a little higher than that of 4mm. 
Minor improvements of SE values were obtained with expanded ring gate anaes. 
Gate design and injection speed both change filling patterns. 

1. INTRODUCTION 

ecently there has been a growing demand for plas- R tic materials with substantid electrical conductiv- 
ity for applications such as electromagnetic radiation 
shielding. Electromagnetic interference @MI) is a prob- 
lem arising from spurious voltages and currents in- 
duced in electric circuitry by external sources. EMI 
causes electric pollution and affects the performance of 
electronic devices. EMI shielding is required to attenu- 
ate radiated electromagnetic energy. Shielding effective- 
ness (SE) is defined as the ratio of incident to transmit- 
ted power and can be expressed in decibels (dB): 

SE = 10 log (P,/Pout) dB. 
Three methods are available to molders who seek to 

improve the SE of plastic parts: apply conductive coat- 
ings, add conductive fillers, or use intrinsically con- 
ductive polymers (1). Intrinsically conductive polymers 
are too expensive to use. Conductive coatings require 
secondary operations. Conductive-filler filled plastic 
composites fabricated by injection molding are now a 
topic of growing research interest. Fibrous conductors 
are found to improve conductivity much more than 
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spheres, flakes, or irregular particulates do (2-5). 
Bigg (5) presented data showing EMI shielding of com- 
posites reinforced with nickel coated glass fibers and 
steel fibers. The shapes of fillers are not the same. The 
data is limited to low frequencies (below 100 MHz). 
Gupta and Yee (6) reported nylon housings filled with 
nickel-coated graphite fibers (NGF) and stainless steel 
fibers (SSF). The results did not clearly show the SE of 
adding these two types of fibers. There are few sys- 
tematic studies on the EMI shielding effectiveness of 
composites filled with these two important fillers. The 
objective of this study is to investigate the SE of com- 
posites filled with NGF and SSF using the standard 
EM1 SE procedure. The effects of fiber type, fiber 
length, and weight percentage on SE are studied. 

Furthermore, few reports have discussed the rela- 
tionship between filling pattern (due to different mold 
design and processing condition), fiber dispersions 
and the EM SE. In the present paper, the EMI SE of 
the disks molded with ring gates of different angles 
and with different processing conditions are com- 
pared. Their fiber orientations in disks molded were 
observed by means of scanning electron microscopy 
(SEW and optical microscope (OM). 

In light of the above, four objectives are addressed 
in this study: 1) to compare the EMI SE of composites 

POLYMER COMPOSITES, DECEMBER 2002, Vol. 23, No. 6 1003 



S .  Y. Yang, C. Y. Chen, and S.  H .  Pamg 

filled with two fibers of different fiber lengths and 
weight percentages; 2) to observe conductivity network 
types of SSF and NGF formed during the injection 
molding process; 3) to find critical concentrations for 
various fiber lengths; 4) to investigate the relation be- 
tween SE and fiber distributions of filling patterns (due 
to different gate designs and processing conditions). 

2. EXPERIMENTAL SETUP 
The experiments were conducted on a 110-ton in- 

jection molding machine (Taichung Machinery Ve-90, 
Taiwan) with a maximum injection pressure of 1440 
kgf/cm2 and a maximum injection rate of 126 cm3/ 
sec. The two sets of processing conditions employed 
are shown in Table 1 .  Set H was high injection rate 
and pressure, while set L was low injection rate and 
pressure. A mold was constructed for molding the 
standard testing specimen as shown in Fig. 1. The 
thickness of the specimens was 3 mm. The ring gate, 
which was adjustable from 120" to 240" at 60" inter- 
vals, was set to facilitate Observation of the relation 
between melt entrance and the fiber dispersion and 
its orientation. An injection grade ABS 900 (Toray, 
Japan) was used in this study. 

Two types of conductive fibers were used. The first 
is stainless steel fibers (SSF). Compound grains of 
SSF/ABS containing 75wt% SSF, lowto? sizing of 
thermoplastic polyester and 15wtVo ABS/PC for coat- 
ing were supplied by Bekaert (Japan). The short 4mm 
and long 6mm SSF are denoted as Gr75/C14-E and 
Gr75/C 14-E/4-S respectively. The second conductive 
fiber is nickel-coated graphite fibers (NGF). The 6mm 
naked NGF denoted 299AX77373A were supplied by 
RTP (Japan). They were compounded with ABS 900 
supplied by Toray (Japan). Geometrical characteris- 
tics of the additive fibers are listed in Table 2. 

The EM1 coaxial transmission line method, ASTM 
D4935-89, was used to evaluate SE of the filled com- 
posite disks between 100 and 1500 MHz. The SE 
measurements of the test specimens were performed 
by the Materials Research Laboratories of the Indus- 
trial Technology Research Institute, Taiwan. 

For observation of fiber distributions and disper- 
sions, three areas equally spaced across the flow 

Table 1. The Processing Conditions. 

Level 

Processing Parameter \ H  L 

Melt temperature in rear zone 225°C 225°C 
Melt temperature in the front zone 240°C 240°C 
Injection pressure 

Injection speed 
(max. 126 cm3/sec) 99% 60% 
Packing pressure 

Packing ti me 5 sec 5 sec 

(rnax. 1440 kgf/cm2) 100% 57.14% 

(rnax. 1440 kgf/cm2) 21.43% 21.43% 

Mold Temperature 30°C 30°C 

direction of each part (in Rg. 1) were selected for ob- 
servation of fiber orientations. The cross sections were 
polished by a traditional metallographic surface prep- 
aration technique. The polished samples were then 
gold sputter-oated for scanning electron microscopy 
(SEM) observation. The overall fiber orientation was 
observed by optical microscope (OM). 

3. RESULTS AND DISCUSSION 

3.1 Effect of Fiber Type on SE of SSF and 
NGF Filled Composites 

Figure 2 compares the SE of the composite disks 
filled with SSF and NGF of the same length (6mm) 
and weight percentage (4~tO/). For the frequency 
range of 100 to 1500 MHz,  the SE of SSF filled com- 
posites remain between 20 dB and 30 dI3, while the 
SE of NGF filled composites are below 10 dB. The SE 
of composites filled with SSF is much better than 
those filled with NGF. The deviation of SE between 
SSF and NGF could be explained by its conductivity 
networks. 

Figure 3a shows that most NGF break into small 
segments. The residual length of most original 6mm 
NGF is observed to be less than lmm. Huang and Pai 
(7) measured the residual length of original 3mm 
naked NGF and found that most residual length were 
below 0.5mm after compounding. Since most fibers 
are laid side by side on the same layer, the short, 
straight NGF could hardly make a conductive net ex- 
cept with a hgh fiber concentration. This implies that 
the NGF could form a conductive net only with high 
weight percentage of fibers. On the contrary, the SEM 
in Q. 3b shows that the winding SSF form an excel- 
lent conductivity net. Long bended SSF with excellent 
toughness rotate during filling until they contact each 
other. 

3.2 Effects of Fiber Length and Weight 
Percentage on SE of SSF Filled Composites 

Figure 4 shows the SE of SSF for various fiber length 
(4mm and 6mm) and weight percentage (4 wt??, 7.5 
wt% and 11 wt%)). As can be seen, increasing fiber length 
and weight concentration would result in a higher SE 
value. To compare their critical concentrations, ac- 
cording to the percolation theory (4) and tunnel effect 
(8). at the point of critical concentration the electrical 
conductivity increases sharply; increasing fiber per- 
centage beyond a critical concentration would not im- 
prove the SE value too much. According to Rg. 4, for 
6mm SSF, 7.5 wt% is already beyond the critical con- 
centration. Increasing the weight percentage of 6mm 
SSF to llwt% results in little increase in SE value at 
high frequency. Similarly, the critical concentration of 
SSF is also close to 7.5 wtYo for 4mm SSF. However, 
the SE still increases a little with weight percentage. 

It is noted that with the same weight percentage of 
SSF, the total length of 6mm SSF was 1.89 times that 
of 4mm fibers. But the SE of SSF (6mm) was not 
much better than that of SSF (4mm). The effect of 
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Fig. 1 .  Construction of injection 
mold for molding the EMI test sam- 
ples. The angle of ring gate can be 
varied (1 20", 1 80°, %0°) for study- 
ing the effkct of @ling pattern on 
SE. 

133.1 - 1.35 ,I 
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Table 2. Geometrical Characteristics of the Fibers. total length of SSF was not as critical as weight per- 
centage. For instance, the total lengths of SSF (4mm. 
7.5wt% and 6mm, 4W%) are very close. But the 
weight percentage of SSF (4mm, 7.5wt%) has reached 

4mm 6mm 6 mm the critical percentage for 4mm SSF. As a result, the 
SE of SSF ( 4 m ,  7.5wtO/) was much higher than that 
of SSF (6mm, 4 w t ~ o ) .  

Stainless steel fibers Nickel-coated fibers 
SSF NGF property F 

Fiber length 
Fiber diameter 1 1  pm 8 km 8.3 pm 
Aspect ratio 363 750 722 

---A-- SSF 120" - SSF 180' 
6mm 4wt%fibers - SSF240" 

NGF 120" 
4 -  - NGF 180" 

--A-- 

- -  

4 v 

- - 
+/ 

¶! 
v 3 

& -A - 

-+--------- -m _ _ _ - - - -  ,,,*===== - - _ _  - - - - A--- -------d 

(a) tb) 
m. 3. Angles of ring gate aLso affect the SE values. SEM photomicrographs of the cross section of c o m p o s i t e s ~ d  with NGF and 
SSk? (a) the short NGF lie side by side hard to form conductiue net; (b) the SSF twist and bend to form conductive net 
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& _ _ _ _  * _ _ _ _ - - -  
--A-- 4mm 4wt% 
- -  +- - 4mm 7.5wt% 
- -  W - -  4rr11nllwt% 
a 6mm4wtY0 - 6mm7.5wt% - 6mm llwt% 

SSF 180" 
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Flg. 4. The SE values of the SSFjilled composites with variousmr lengths and weight percentages. SE increases with weight per- 
centage andJiber length. 

Fiber lengths also affect fiber dispersions. mure 5a 
shows the observed fiber dispersions of SSF with two 
different lengths in composite disks. The 4mm SSF 
are dispersed uniformly in the part (Rg. 5a), but the 
6mm SSF twist and aggregate in the disks (m. 5b). 

With the same processing parameters, it is found that 
the longer the fibers, the more sever the fiber agglom- 
eration. B i g  (5) pointed out that the greater the de- 
gree of aggregation, the lower the loading of fillers 
needed to produce electrical conductance. 

Fig. 5. Photogrqphs showing dispersion of 4 WE% SSF in composites molded with the same ring gate angles (120') and injection 
speed (60%) for d$erentjiber lengths. (4 4mm, (b) 6 m  
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3.3 Effects of Ring Gate Angle and Injection Speed 
on SE, Filling Pattern and Fiber Distribution 

mure 2 also shows the SE of composite disks with 
the same filler but molded in molds with different ring 
gate angles (120", 180" and 240"). The SE of compos- 
ites molded in a mold with 180" ring gate is a little 
better than that molded in a mold with 120" ring gate. 

But expanding the ring gate beyond 180" is not effec- 
tive. The angle of the ring gate somewhat affects the 
filling pattern. Expanding the ring gate induces more 
inlets and more disunity in fiber orientations, and 
forms a slightly better conductivity net. 

Figure 6 displays the short-shots showing filling 
patterns in molds with ring gate angles of 120" and 

(a) ring gate=l20" Sinj,=60% (b) ring gate=240° Sinj.=60% 
Fig. 6. Photographs of short-shots showing theflling process of compositesflled with SSF with molds of (a) 120' ring gate and (b) 
240" ring gate. The inlets of melt into the cavity are not simultaneous. 
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240". Even though the ring gates are continuous, the 
entrances of melt into the cavity are not simultaneous. 
The number of inlets increases as the angle of the ring 
gate expands. 

The filling pattern is also significantly affected by in- 
jection speed. Figure 7 displays the short-shot filling 
in molds with a 120" ring gate but different injection 
speed. With low injection speed, more than one melt 
inlet is found, as shown in Rg. 7a However, with high 
injection speed, the melt inlet is reduced to one single 
point nearby the sprue as shown in Fig. 7b. 

Figure 8 shows the fiber dispersions in fded disks 
molded at various injection speeds and ring gate an- 
gles. With low injection speed, the fibers are distrib- 
uted more uniformly as shown in Rg. 8a. Neverthe- 
less, at high injection speed, the fibers are distributed 

along the flow fronts (Fig. 8b), implying that melts 
enter mainly from the point nearby the sprue. The 
fiber dispersion is also affected by ring gate angles. A 
wide ring gate angle permits melt to enter the cavity 
from more inlets when the injection speed is low. 

3.4 The SSF Diepenion Across Thicknew 
and Along Flow Direction 

mure 9 shows the SSF distributions in various lay- 
ers along the thickness of the cross section. Only a 
few fibers are observed in the cross section close to 
the surface, while more fibers are observed near the 
central layer. Bailey et al. (9) also pointed out this 
phenomenon and used Tadmor's fountain flow (10) 
mechanism to explain its cause. Also, fibers are aligned 
parallel to the flow direction only in the skin layer but 

Fig. 7. The short-shots depicting 
the effect of injection speed on 
melt. (a) more inlets with low injec- 
tion speed, b] single inlet near the 
sprue with b h  injection speed. 

(b) 4W% 4mm SSF Sinj.=99% 
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1 20° 180" 
(b) 4Wt% 6mm SSF Sinj.=99% 

Fig. 8. Photographs of 4 wt46 6mm SSF dispersion under Various injection processing conditions and ring gates for (a) low injection 
speed, (b) high injedion speed 

not in the core area. Zhang et aL (1 1) proposed an 
open-ended injection molding method so that the ma- 
jority of fibers align parallel to the flow direction through- 
out the section. 

Figure 10 depicts the fiber dispersions at different 
locations along the flow direction in disks molded at 
different injection speeds. The fiber distribution is 
sparser in the area near inlet, but denser in the cen- 
tral and distant areas. The deviation become more ob- 
vious in disks molded at high injection speed. 

4. CONCLUSIONS 

Based on this study, the following conclusions are 

1. With the same length and weight percentage of 
conductive fibers, the addition of SSF provides 
better SE than NGF. The observations of SEM 
micrographs indicate that the SSF twist and 
come into contact with each other to form a h e  
conductive net. However, the NGF always break 

drawn: 
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Fig. 9. The SSF distribution in the cross section of the composite with 120" ring gate. The optical minographs taken (a) near the 
surface, (b) between the surjiie and the central part, (c) near the center of the part. 
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(a) ring gate=120" Sillj. = 60% (b) ring gate=l20" Sinj. = 99% 

Fig. 10. Photograph of 4 wi% 6mm SSF orientation and its J n d  contents in the matrix observed at locations from the gate to the 
remote end of the mold at [a) low injection speed, It7) high injection speed. 
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into short fragments and remain straight, mak- 
ing few contacts with each other. 

2. With the same weight percentage (7.5wt%), 
adding longer fibers results in better SE and 
lower critical concentration. The critical concen- 
tration of SSF fillers is about 7.5WYo for 6mm 
fibers, but is more than 1 lwto/o for 4mm fibers. 

3. Though the ring gate is continuous, the inlets 
into the cavity are not continuous. As the ring 
gate angle expands, the number of inlets in- 
creases. Expanding the ring gate up to 180" 
would result in a better SE value. Increasing the 
injection speed reduces the inlet number and 
moves the inlets close to the sprue. 

4. Few fibers are found on the surface layer, and 
more fibers on the core region. The fiber dis- 
tribution is sparser in the area near inlet, but 
denser in the central and distant areas. The de- 
viation become more obvious in disks molded at 
high injection speed. 
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