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Abstract: A plate used in a medium voltage switch, made
by a 25wt% glass fiber-reinforced polyamide 66 composite
filled with flame-retardant red phosphorus (RP) (PA66-
GF25 FR (RP)), was injection molded. To satisfy the rela-
tively high dimensional accuracy requirement, a “sup-
porting mold” was used to compensate for the difference
between the transverse and longitudinal linear shrinkage
of the PA66-GF25 FR (RP). To reduce the internal residual
stress caused by the “supporting mold,” hygrothermal
conditioning treatments, including boiling water bath at
90–100°C and re-drying at 110°C, were used. To determine
the effects of boiling water bath and re-drying on the
dimensional accuracy and mechanical properties of the
product, three treatment routes were applied. It was found
that the route in which the boiling water bath is applied
after the “supporting mold” is preferred to ensure the
dimensional accuracies and the mechanical properties as
a whole. Using a boiling water bath as a hygrothermal
conditioning treatment can improve the mechanical prop-
erties and increase the dimensional accuracy of the pro-
duct. In addition, by using the preferred route, re-drying
can further improve the tensile, bending, and even impact
strength.

Keywords: PA66-GF25 FR (EP), injection molding, boiling
water bath, mechanical property, dimensional accuracy

1 Introduction

Polyamide 66 (PA66) has excellent comprehensive mechan-
ical properties and is widely used in automobiles, electro-
nics, machinery, chemistry, and other fields. However, to
improve the chemical, corrosion, mechanical, and heat
resistance [1–4], reinforcing phase, such as glass fibers
(GFs), is added to the PA66 matrix to manufacture glass
fiber-reinforced composites (e.g., glass fiber-reinforced
PA66 composites, PA66-GF).

PA66-GF is used to produce electrical insulation
components, which require good flame-retardant proper-
ties. However, GFs are likely to cause sustained combus-
tion phenomena, such as “candle wicking.” Thus, some
flame retardants are added to PA66-GF to improve the
flame-retardant properties. Red phosphorus (RP) is con-
sidered to be one of the best fire retardants for obtaining
perfect dielectric and flame-retardant properties, which
are seriously important properties for electrical insula-
tion components [5–7].

Besides flame-retardant properties, dimensional accura-
cies and mechanical properties are also important for both
assembly and structural performance of electrical insulation
components. It has been observed that RP has few effects on
the mechanical properties and dimensional stability of poly-
amide composites [6,7]. The dimensional accuracies and the
mechanical properties of fiber-reinforced polyamide pro-
ducts are influenced by the injection molding process con-
ditions [8–10] and the environmental conditions such as
moisture and temperature [10–16]. The dimensional accura-
cies andmechanical properties of fiber-reinforced polyamide
products are influenced by moisture and temperature
because PA66 has a high polarity and tends to absorb
water molecules to form hydrogen bonds. Especially in
a high-temperature and high-humidity environment, the
moisture absorption rate of PA66 is high, and this affects
the dimensional stability of the product. Many researchers
have found that polyamide swells in the hygrothermal aging
process [12,13,17,18], and the mechanical properties degrade
in general at the same time. Water conditioning is always
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used to promote saturation, ensuring dimensional stability
in subsequent application [12,13]; however, water absorption
may degrade the interfacial bonds between the GFs and the
polyamide, consequently decreasing the tensile or bending
strength of the composite [19–23]. Annealing at 25–35°C
below the heat deflection temperature or at 20–35°C above
the application temperature can improve some of the
mechanical properties of the glass fiber-reinforced polyamide
[15,24]. As mentioned earlier, it can be indicated that dif-
ferent hygrothermal conditioning treatments can lead to
different dimensional stabilities and mechanical properties
[25], which mainly depend on the combined effects of water
molecules [19,22], crystallinity [15,19,25], crystal structure
phase transition of polyamide [13,25–28], and, perhaps
the most important, the interfacial bonding [19–22] between
GFs and polyamide. In some studies [19,25], some mechan-
ical properties of the PA66 or PA6 composites were also
found to be improved by hygrothermal aging for a relatively
short period of time. Moreover, redrying after hygrothermal
conditioning was found to further improve the mechanical
properties [18].

In this research, an injection molded plate used in
a medium voltage switch and made by 25 wt% glass
fiber-reinforced PA66 filled with flame retardant RP (PA66-
GF25 FR (RP)) based on the dimensional accuracy, surface
precision, and flame-retardant performance requirements
is studied. To improve the dimensional accuracy, surface
quality, and the mechanical properties of the plate, espe-
cially of the intermediate circular hole, a “supporting
mold” and a hygrothermal conditioning treatment by
boiling water bath followed with re-drying are used.
Three different treatment routes are used depending on
the order of the supporting mold and the boiling water

bath. By combining the dimensional measurement,
mechanical property test, and micro-morphology analysis,
the transverse and longitudinal dimensional accuracies
and the mechanical properties of the plate treated by the
three treatment routes were compared and analyzed. The
best routes were confirmed, in which the dimensional
accuracy was improved to satisfy the requirements, ensuring
the mechanical properties of the product for the application
demand at the same time.

2 Injection molding

2.1 Materials and dimension of the plate

The PA66-GF25 FR (RP) composite (Ultramid® A3X2G5)
used in this article is bought from BASF (Germany),
and its properties are presented in Table 1.

The dimension and tolerance requirements of the
plate are shown in Figure 1, and the thickness of the plate
is 6 mm. For convenience, the longitudinal dimension of
the product is collectively referred to as “LD,” the trans-
verse dimension is collectively referred to as “TD,” and
the diameter of the central hole is referred to as “DD.”

2.2 Mold structure and its gate location

The injection mold of the plate is shown in Figure 2. As
shown in Figure 1, the dimensional accuracy of DD is
high due to the assembly precision requirements, so the

Table 1: Properties of the PA66-GF25 FR (RP) composite

Typical values at 23°C Units Values

Physical properties
Density kg/m3 1,340
Moisture absorption,

equilibrium 23°C/50% RH
% 1.20–1.60

Melting temperature, DSC °C 260
Melt volume rate, MVR 275/5 cm3/10min 30
Mechanical properties dry/wet

Tensile modulus MPa 8,000/6,000
Tensile strength MPa 140/100
Fracture strain % 3/4.5
Impact strength kJ/m2 65/70 Figure 1: Dimension and tolerance requirements of the plate

(unit: mm).
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gate must be located at the region far away from the
central hole (as shown in Figure 2); environments with
medium voltages (approximately 10 kV) require a plate
to prevent tip discharge and puncture. Therefore, in
the injection molding process, internal void or burrs
on the surface cannot exist. Therefore, top plate ejection
was used to eliminate the thimble trace in the mold
design.

2.3 Process parameters

Before injection molding, the composite is dried at 100°C
for 4 h. The temperature of the injection molding machine
from the hopper to the nozzle is divided into three seg-
ments; more precisely, the ranges of temperatures of the
first, second, and third segment are 275–285, 260–275,
and 250–265°C, respectively, while the injection pressure
is 85 MPa, the dwell time is 3 s, and the injection speed is
50mm/s.

3 Experimental

3.1 Treatments after injection molding

The volume shrinkage ratio in the initial mold design is
0.5%. After the injected plates are naturally cooled, the
initial properties of the plate are obtained through experi-
mental tests. The dimensional accuracies andmechanical
properties of the plate meet the engineering require-
ments, as shown in Figure 1 and Table 2, respectively. How-
ever, afterward, the plate continued to shrink, mainly in
the following 24 h, and the central circular hole becomes
approximately elliptical, as shown in Figure 3(a). This phe-
nomenon is caused by the different longitudinal and trans-
verse linear shrinkage due to the anisotropy of the compo-
site [11] determined by the flowing direction during the
injection molding process.

To improve the dimensional accuracy of the central
circular hole, a linear shrinkage compensation is neces-
sary. Two methods are typically used to compensate for

Figure 2: Injection mold: (a) Layout and (b) Gate.

Table 2: Initial properties of the plate before adding the “supporting mold”

Samples Tensile strength (MPa) Bending strength (MPa) Impact strength (kJ/m2) Elongation (%) Flame retardation (grade)

1 81 72.5 64 4.4 V-0
2 80 74 67 4.4 V-0
3 82 73 64 4.5 V-0
4 80 75 66 4.3 V-0
5 83 77.5 67 4.5 V-0
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the linear shrinkage. One method is to modify the mold
size according to the transverse and longitudinal shrinkage
ratios; the other method is to apply an external force to limit
linear shrinkage after demolding. Since it is difficult to sepa-
rately consider the longitudinal and transverse shrinkage
for the circular holes, the second method is chosen. A
cylindrical “supporting mold” with a diameter of 40.024mm
(the initial volume shrinkage is considered) is added into the
central circular hole of the plate after demolding and
cooling. After compensating for the shrinkage, the longi-
tudinal and transverse dimensions of the central circular
hole basically meet the dimensional accuracy require-
ments, as shown in Figure 3(b). However, at the same
time, the mechanical property of the plate is found to
decrease by 50%, as presented in Table 3, which is mainly
due to the internal residual stress caused as the linear
shrinkage is hindered by the “supporting mold.”

To eliminate the internal residual stress and to improve
the mechanical properties and dimensional accuracy of the
plate, boiling water bath (90–100°C, 2 h) is carried out on
the plate. Boiling water bath combines the influences of
annealing [15,24] and water conditioning saturation [19,25].
To verify the effect of boiling water bath, three treatment
routes are applied and compared. Route I involved boiling
water bath alone, route II involved boiling water bath after
adding a “supporting mold,” and route III involved adding a
“supporting mold” after boiling water bath, as shown in
Figure 4.

Dimensionalmeasurement,mechanical property testing,
andmicro-morphology analysis of the tensile fracture surface

are carried out for the plate treated by the three treatment
routes. Ten samples were taken for each route; half of the
samples were undried, and the others were dried to study the
effects of re-drying [19] on the dimensional accuracy and
mechanical properties of the composite. Re-drying is per-
formed in a vacuum oven at a temperature of 110°C for 6h.
The dimensionalmeasurements andmechanical property tests
were carried out for the samples before and after re-drying.

3.2 Characterization

The specimen dimensions for the tensile, bending, and
impact tests are determined according to GB/T 16491-
2008, GB/T 9341-2008, and GB/T 9341-2008, respectively,
as shown in Figure 5. These samples were cut along
the longitudinal direction of the plate on both sides of
the central hole, keeping away from the “weld line.” The
values of the tensile and bending strengths, elastic mod-
ulus, and elongation at break are measured on a CMT5105
universal testing machine (Mattes Industrial Systems Co.,
Ltd., China). The test speed is 5 mm/min. The impact
strength was determined on an XJU-5.5 cantilever beam
impact testing machine (Jinan Hengxu Testing Machine
Technology Co., Ltd). The impact speed was 3.5 m/s, and
the pendulum energy was 5.5 J.

The structural characterization of the plates (untreated
and treated by the three routes) were carried out by X-ray
diffraction (XRD, D/max-2500/PC, Japan). Data were

Figure 3: The shape of the central circular hole of the plate: (a) without the “supporting mold” and (b) with the “supporting mold.”

Table 3: Mechanical properties of the plates treated with the “supporting mold”

Samples Tensile strength (MPa) Bending strength (MPa) Impact strength (kJ/m2) Elongation (%) Flame retardation (grade)

1 49 67.35 64 5 V-0
2 45 64 60.5 5 V-0
3 50 65 60 4.7 V-0
4 48 65.6 61 4.8 V-0
5 47 66 62.5 5 V-0
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collected over the range 2θ = 10–40° in the fixed time mode
with a step interval of 0.02.

The tensile fractured surfaces of the samples treated by
the three routes were coated with gold to prevent electrical
charging. The surface morphological images of all samples
were observed by using scanning electronmicroscopy (SEM;
Sigma 300, Germany) at an acceleration voltage of 5.0 kV.

4 Results and discussion

4.1 Dimensional accuracies of the plate
treated by the three routes

The dimensions of the plate were measured as described
in Section 3 and combined with the shrinkage formula for
the injection products (Equation 1) to study accuracies in

Figure 4: The three routes after injection molding: (a) I, (b) II, and (c) III.

Figure 5: Standard samples size for (a) tensile, (b) bending, and (c)
impact testing.
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the periphery dimensions and the central hole diameter
of the plate treated by the three routes.

=

−

×S
L L

L
100%,L

m p

m
(1)

where SL is the shrinkage ratio of the injection molded
products, Lm is the mold cavity size (the real size after
considering the shrinkage volume compensation of 0.5%),
and Lp is the size of the injection molded products.

Performingmeasurements using amicrometer showed
that the dimensional accuracies were improved after the
three treatment routes; however, there exist some nonne-
gligible differences between the accuracies obtained with
the three routes.

4.1.1 Dimensional accuracy of the central hole

Figure 6 shows the diameter of the central hole (named
“DD”), which was measured in the transverse and long-
itudinal directions of the plate (referred to as “DDT” and
“DDL,” respectively) after the treatments by the three
routes. Figure 6(a) and (b) show the DDT of the undried
and the dried parts, respectively, while Figure 6(c) and (d)
show the DDL of the undried and dried parts, respec-
tively. It can also be seen that differences between the
“DDT” and “DDL” for samples treated by route I without
a “supporting mold” are the largest, and the values of
“DDT” and “DDL” for the undried or dried parts are all
out of the tolerance ranges. This result shows that the

Figure 6: The central hole diameter of the plate by the three routes: (a) DDT, undried parts, (b) DDT, dried parts, (c) DDL, undried parts, and
(d) DDL, dried parts.
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“supportingmold” can reduce the difference in the shrinkage
of the central hole in the two directions, thus increasing
the dimensional accuracy. Boiling water bath can relieve
the linear shrinkage, which occurs because of hygroscopic
expansion that occurs when water is inserted into polyamide
composites [11,12,16,17]. Thus, after the treatment, the size of
the undried parts expands to be much closer to the nominal
size. However, after re-drying, the parts shrink again, which
indicates that re-drying prevents the plate from swelling
during boiling in the water bath [18]. The dimensional
accuracies obtained by route II are higher than route III for
both the undried and dried parts.

4.1.2 Periphery dimensional accuracies

Figure 7 shows the average periphery dimension of the
plate after the treatment by each route. Figure 7 shows
that the peripheral dimensional accuracy of the undried
parts is also obviously higher than that of the re-dried
ones. Second, the transverse shrinks are much more than
the longitudinal ones. Furthermore, the transverse dimen-
sion of the plate decreases gradually from the gate side to
the nongate side, which means that the shrinkage of the
nongate end is the most obvious. As the composite is
injected, the pressure far away from the gate is lower than
that close to the gate; thus, filling on this side is insufficient,
resulting in more severe shrinkage far from the gate than
close to the gate. Finally, through the comparison of Figure
7(a)–(c), it can be seen that the transverse dimensions of the
undried parts treated by route II are all within the tolerance
range, but those of the parts treated by the other two routes
are not within the tolerance range.

From the aforementioned comparisons, it can be con-
cluded that the dimensional accuracies of the undried
parts treated by route II are the highest for the peripheral
dimensions and the diameter of the central hole.
Nevertheless, its corresponding dried part can also basi-
cally meet the accuracy requirements. But in the usage of
the plate, moisture should be prohibited to ensure its insu-
lating and antibreakdown properties; hence, re-drying
after the boiling water bath is recommended.

4.2 Mechanical property improvements of
the plate treated by the three routes

Figure 8 shows the tensile, bending, and impact proper-
ties of the plate treated by the three routes. It can be seen
that the mechanical properties of the plate have been

significantly improved after the boiling water bath. It
is because that hygrothermal conditioning treatments
reduce the residual stress [15,19,25], which is mainly
caused by the “supporting mold.” In addition, re-drying
can also significantly improve the mechanical properties
of the plate [15,25]. However, it should be considered that
the impact strength of the dried parts treated by route III,
in which the “supporting mold” is added after boiling

Figure 7: The transverse and longitudinal peripheral dimensions of
the plate treated by the three routes: (a) I, (b) II, and (c) III.
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water bath, is lower than that of its corresponding undried
parts. It indicates that boiling water bath plays a key role
in improving the impact strength. As a result, in route
III, the active effect of re-drying on the impact strength,
right after the “supporting mold,” cannot eliminate
the negative effect of the “supporting mold” without
a subsequent boiling water bath. Compared with the
values before the treatments, Figure 8 and Table 3
show that the tensile strength and bending strength of
the dried parts treated by route II increased by more
than 141.15 and 159.79%, respectively, even though the
impact strength was reduced by 6.37%, which still can
meet the requirements for use. Thus, it can be concluded
that among the three treatment routes, route II can
improve the mechanical properties the best. Boiling in
a water bath allows the macromolecule inside the com-
posite to return to its natural orientation as far as pos-
sible, and the internal crystallization and decrystalliza-
tion reach a balance, eliminating the residual stress of
the material [15,18,24].

4.3 XRD results obtained for the dried plate
treated by the three routes

To further study the effect of the three treatment routes
on the crystallization behavior of the dried plate to ensure
the employment character, an XRD analysis was carried
out subsequently. Figure 9 shows the shape of the XRD
peak observed for the composite. It can be seen that three
diffraction peaks are observed from the PA66 composite
pattern and the shapes are the same basically, which
indicates that the treatment routes do not change the
phase structure of the PA66 composite. Two character-
istic diffraction peaks at 2θ values of 20.3° and 23.5° can
be observed, corresponding to α1 and α2 crystal phases of
PA66 composite, respectively [24]. In addition, there is a
diffraction peak corresponding to the γ phase at 2θ values
of 28.5°. It indicates that the crystal of the PA66-GF25 FR
(RP) composite is a mixture of α and γ phases. At the
same time, compared with the untreated composite, the
diffraction peaks of the treated ones by the three routes
all shifted to varying degrees, and the peak strength
increased significantly and the shape became wider,
which indicates that the treatment routes could improve
the crystallization property of the PA66-GF25 FR (RP)
composite [12,25–27].

Figure 8: (a) Tensile strength, (b) bending strength, and (c) impact
strength of the plate treated by the three routes.
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4.4 Microstructure analysis and of the dried
plate treated by the three routes

To further evaluate the effect of the three treatment routes
on the mechanical properties of the dried plate, the ten-
sile fracture surface morphologies of the samples were
analyzed by SEM, as shown in Figure 10. First, it can be
found from the high magnification SEM images (Figure
10(d)–(f)) that a certain amount of PA66 adheres to the
fibers, which indicates that the interface bonding of the
composite is not reduced by water absorption [19–22].

Figure 10(a) shows that the dimples of the PA66
matrix treated by route I are shallow and disordered.
Some thick holes clutter in some regions, and even
some deep cracks can be observed, with some of the
fibers outside of the matrix indicating that some of the
fibers are pulled out and can no longer bear any moreFigure 9: The XRD patterns of the plate.

Figure 10: Surface fractography of the plate treated by the three routes: (a) and (d) route I (b), (e) route II, and (c) and (f) route III, in which
(a)–(c) were obtained with a magnification of 500, and (d)–(f) were obtained with a magnification of 1,000 times.
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force during the stretching. Therefore, the adjacent matrix
has to bear the load again, and brittle cracks occur pre-
maturely. As a result, the tensile strength of the dried
plate treated by route I is the lowest compared to the
other treatment routes. Figure 10(b) clearly shows that
the dimples of the PA66 matrix are deep and uniform,
and the PA66 matrix contains few holes. It can also be
seen that the fibers were elongated along the tensile
direction, bearing most of the tensile force until the fibers
break. Furthermore, it can be seen that there is less resin
on the fibers on the fracture surface treated by route II,
whose tensile strength is the highest (Figure 8(a)). Route
II achieves the highest tensile strength among the three
routes because the PA66 matrix treated by route II is
stronger than the PA66 matrix treated by the other routes,
and the failure mode changes from matrix fracture to
interfacial fracture before the elongated fibers break [24].
Figure 10(c) shows that the matrix of the tensile fracture
surface treated by route III is flat; the dimples are very
shallow, indicating a brittle fracture of the matrix. More-
over, the fibers shown in Figure 10(c) do not elongate as
much as those in Figure 10(a) and (b). Both the GFs and
the PA66 matrix treated by route III experience brittle frac-
ture, verifying the lower strengths and low impact strength
of the dried parts.

4.5 Functional performance

To verify the functional performance of the plate in the
medium voltage switch. According to GB/T 11022-2011
(Common Specifications for High-Voltage Switchgear
and Controllable Standards), the necessary performance
tests were carried out for the re-dried plate treated by
route II, as presented in Table 4.

From the comparison and analysis of the three routes,
it can be concluded that the re-dried plate treated by
route II is preferred for ensuring the dimensional accura-
cies, mechanical properties, and the employment char-
acter of the medium voltage environment.

5 Conclusion

In this article, three different treatment routes were applied
and analyzed after injection molding to study the roles
of boiling water bath and re-drying in improving the
dimensional accuracies and mechanical properties of
a plate that was made of PA66-GF25 FR (RP) by per-
forming size measurements, mechanical property tests,
and micro-morphology comparisons. Some conclusions
are presented here.

The addition of a “supporting mold” can inhibit the
continuous linear shrinkage of the composite to a certain
extent, improving the dimensional accuracies of the pro-
duct; however, at the same time, it will increase the resi-
dual internal stress inside the products and lead to a
serious decline in the mechanical properties. Boiling
water bath at 90–100°C can balance the crystallization
and decrystallization of polyamide, thereby simultaneously
reducing the residual internal stress and the linear
shrinkage, improving the mechanical properties and
dimensional accuracies.

By comparing the effects of the three different treat-
ment routes on the dimensional accuracy, mechanical
properties, and microstructures of PA66-26GF FR (RP)
composites, it can be found that treatment route II, in
which a “supporting mold” is added and boiling water
bath is subsequently performed, can result in the highest

Table 4: Final functional performance of the plate

Number Property Demand Test result

1 Functional performance at
high and low temperature

10 cycles, in every cycle: −40 to 130°C, 10°C/h, the
highest and lowest temperatures were maintained for 4 h,
room temperature was maintained for 2 h.

Without cracking or peeling
After high and low temperature

2 Power-frequency voltage-
withstand test

42 kV Up to 58 kV

3 Lightning impulse Phase, opposite: 75 kV Phase, opposite: 95 kV
Fracture: 85 kV Fracture: 110 kV

4 Partial discharge test Singleton: ≤3PC Singleton: 0.8–1.8PC
Whole machine: ≤16PC Whole machine: 4.2–5.1PC

5 Leak test ≤1.2 × 10−8 5.8 × 10−11

6 Mechanical life test ≥10,000 Qualified
7 Flame-retardant properties GB/T 2408-1996, ≥V-1 V-0
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dimensional accuracy, the best mechanical properties,
and the best micro-morphology, which include the least
pulled-out and the maximum elongation of fibers, the
deepest dimples, indicating the best strength of the matrix
and the best interfacial bonding of the matrix and the
fibers.

Re-drying at 110°C for 6 h can further enhance the
mechanical properties of the PA66-26GF FR (RP) compo-
site as a whole mainly because of the reduction in the
internal residual stress. The functional performances can
be ensured after the plate is treated by the “supporting
mold,” boiling water bath, and re-drying.
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