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Abstract: 7075-T6 aluminum alloy/low carbon steel joint was carried out via a novel friction plug—riveting spot
welding process. This process utilized uniquely designed steel rivets with a tip and groove shape. The macro-
morphology formation, microstructure, microhardness and lap shear performance of joints were investigated. As the
spindle down distance increased, the rivet tip was friction welded with the lower steel sheet, resulting in the formation
of a solid phase welding zone exhibiting metallurgical bonding. Additionally, a hook was formed in the joint, providing
the mechanical locking. The results showed that under optimal parameters of spindle down distance of 3.4 mm, rotation
speed of 4000 r/min, and spindle down speed of 2.4 mm/s, the lap shear load of the joints reached a maximum of

14.36 kN. Failure occurred at the aluminum alloy base metal.
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1 Introduction

The evolution of automobile body materials is
driven by the interplay among safety, economic
considerations, and environmental policies, all of
which aim to facilitate the design of lightweight
car bodies [1]. The hybrid steel/aluminum car body
design capitalizes on the strength and cost-
effectiveness of steel [2], as well as the mass
reduction and energy absorption capabilities of
aluminum alloy [3,4]. Consequently, this design
approach is extensively employed in automobile
manufacturing,.

It is worth noting that it is difficult to join steel
and aluminum alloy due to its differing melting
points and linear expansion coefficients [5,6].
Moreover, the formation of brittle Fe—Al
intermetallic compounds (IMCs), such as Fe;Als,
FeAl,, and FeAl; [7] can adversely affect joint

performance [8,9]. As such, the joining of
dissimilar metals like steel and aluminum remains a
pressing issue in the field of welding.

The interfacial reaction can be efficiently
regulated by introducing an interlayer at the steel—
aluminum interface [10,11] or by applying coatings
to the base metal (BM). Most of the relevant
research had been conducted using the resistance
spot welding (RSW) process. For instance, ZHANG
et al [12] investigated the RSW of H220YD high-
strength steel/AA6008-T6 dissimilar metal joints
with a 4047 AISil2 interlayer, and found that
increasing thickness of the applied interlayer from 0
to 400 um reduced the IMCs thickness from 4.0 to
0.6 um. Similarly, ARGHAVANI et al [13] reported
that the presence of Zn coatings on the low carbon
steel resulted in a lower IMCs thickness at the
steel—aluminum interface during the RSW process.
IBRAHIM et al [14] employed an Al-Mg alloy
interlayer to join AA6061-T6 and stainless steel
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using RSW, and found that Mg diffusion to the
aluminum side inhibited Al-Fe bonding, thereby
reducing the thickness of Fe—Al IMCs.

However, the application of RSW in the
manufacturing of steel/aluminum car bodies has
been constrained because of the poor welding spot
surface quality, a propensity for defects and
electrode burnout [15]. Therefore, scholars turned
their attention to explore alternative welding
methods such as self-piercing riveting (SPR) [16]
and flow drill screw (FDS) [17]. However, SPR is
not suitable for joining high-strength steel and
aluminum alloy dissimilar metals [18], and FDS has
a lengthy riveting process and high costs.
Fortunately, recent advancements in solid-phase
welding methods have mitigated the effects of
property mismatches between dissimilar metals and
ensured quality joint formation [19]. Consequently,
most current research primarily seeks to enhance
existing solid-phase welding methods and proposes
a hybrid mechanical-metallurgical joining process
to circumvent issues caused by IMCs in dissimilar
metals joining. For example, MENG et al [20]
proposed a state-of-the-art hybrid mechanical—
metallurgical welding method called friction-based
welding techniques to join metal and polymer
heterojunctions, which improved mechanical
interlocking through a rational tool design. NIU et
al [21] used a resistance rivet welding (RRW)
method to join AA6061-T6 and press hardened steel,
achieving a maximum lap shear load of 4.9 kN.
MILES et al [22,23] proposed the friction bit
joining (FBJ) process to join DP 980 steel and
AAS5754 owing to the low heat input advantages of
the friction welding process. They measured a
maximum lap shear load of 6.4 kN of joint with
FBJ, which was 1.4 kN higher than that with SPR.
SHAN et al [24] used the friction stir riveting (FSR)
method to join AA6061-T6 and DP 600 steel,
resulting in the highest average tensile-shear
strength of 300 MPa for joints without aluminum
inclusions. In addition, welding methods such as
resistance element welding (REW) [25] and friction
element welding (FEW) [26] with maximum
tensile—shear loads of 6.074 and 10.6 kN of joints,
respectively, had also been used to join steel/
aluminum dissimilar metals.

Despite the valuable insights provided by
previous research, a comprehensive understanding
of how each parameter influences joint performance

remains elusive. This paper developed a novel
friction plug-riveting spot welding process to join
AA7075-T6 and low carbon steel. To mitigate the
formation of IMCs, which is more prevalent in
dissimilar metals, a steel rivet was introduced into
the welding process. Taking into account its
machinability and heat treatment characteristics, the
medium carbon steel (1045) was selected as the
rivet BM. The rivet was designed with a groove to
accommodate the extruded aluminum alloy and
featured a tip at the bottom for drilling through the
aluminum sheet. The macro-morphology formation,
microstructure, microhardness and lap shear
performance of joints were investigated using the
optimized parameters. The friction plug-riveting
spot welding method proposed in this work
provides technical support for the steel/aluminum
lightweight composite car manufacturing and has
strong theoretical and academic value on the
research on the metallurgical connection control
mechanism of the circumferential friction interface.

2 Experimental

2.1 Materials

The base materials utilized in this study were
2 mm-thick AA7075-T6 sheets and 2 mm-thick low
carbon steel sheets, both with dimensions of
125 mm % 39 mm. Considering the machinability
and heat treatment characteristics required for the
rivet in the experiment, the medium carbon steel
(1045) was chosen as the rivet BM. The superior
cutting performance of 1045 steel facilitated the
drilling of the welded sheets. The tensile strength of
AA7075-T6 and 1045 rivets were 524 and 600 MPa
respectively, and the yield strength of low carbon
steel was 235 MPa. The hardness values of the low
carbon steel and 1045 rivet utilized in this
study were approximately HV 160 and HV 320,
respectively. The element components of the sheets
and rivet are summarized in Table 1 [27,28,29].

2.2 Friction plug—riveting spot welding experiment
method

The machine specifically developed for the
friction plug-rtiveting spot welding process is
shown in Fig. 1. A dual servo motors system was
designed for rotation (0—5000 r/min) and downward
movement (0—10 mm/s) of the rivet. A close-up
view of the welding platform, including the pressure
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Table 1 Element components of AA7075-T6, low carbon steel and 1045 steel

Material Content/wt.%
Si Mn Fe Mg Cr Zn Ti Al
AAT075-T6
<0.4 <0.3 <0.5 1.2-2.0 2.1-29 0.18-0.28 5.1-6.1 <0.2 Bal.
C Si Mn S P Fe
Low carbon steel
0.14-0.22 <0.3 0.3-0.65 <0.045 <0.045 Bal.
Cu Cr Ni Mn Si S P Fe
1045 steel
<0.25 <0.25 <0.25 0.43-0.5 0.6-09 0.17-0.37 <0.035 <0.035 Bal.

Unit: mm
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Fig. 1 Welding machine used for friction plug—riveting spot welding: (a) Overall view; (b) Close-up view of welding

platform; (c, d) Rivet

sensor and rivet, is provided in Fig. 1(b). The
bottom of the spindle has a hexagonal groove
structure that matches the hexagonal size of the
rivet head, ensuring a tight magnetic attachment of
the rivet in the groove. Figures 1(c) and (d) present
schematics of the rivet, which is designed with a
groove and sharp tip to rapidly trap extruded
aluminum alloy and drill through aluminum sheets.
Prior to the welding test, the rivet descends
until its tip contacts the upper aluminum alloy sheet,
facilitated by the automatic zero finding feature of
the welding machine. Figure 2 outlines the detailed

procedure of friction plug—riveting welding, which
mainly contains three stages.

(1) Drilling stage: the rivet rotates at a speed of
2500 r/min and drills towards the aluminum sheet at
a downward speed of 1.8 mm/s until its tip contacts
the upper surface of the low carbon steel sheet
(Fig. 2(a)).

(2) Welding stage: the rivet keeps rotating and
feeds into the steel, creating lots of frictional heat to
establish metallurgical bonding with the steel sheet.
Meanwhile, the squeezed aluminum fills the rivet
groove. Finally, an ensemble of aluminum alloy,
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rivet and steel sheet is formed (Fig. 2(b)).

(3) Retreating stage: the spindle stops rotating
rapidly and separates from the rivet. So far, the
welding process is finished (Fig. 2(c)).

The friction plug—riveting spot welding
process is affected by three key parameters,
including spindle down distance, rotation speed and
spindle down speed. During the entire welding
process, the drilling stage maintained a parameter
combination of a 2.0 mm spindle down distance, a
2500 r/min rotation speed and a 1.8 mm/s spindle
down speed. However, the parameter combination
for the welding stage was adjusted to achieve the
welding process. The orthogonal experiments with
three factors and three levels (L9(3"3)) were
employed, and the average lap shear load of three
samples under identical parameters was used for
quality evaluation. Based on the orthogonal
experiment results, the optimal parameter
combination of a 3.4 mm spindle down distance, a
4000 r/min rotation speed and a 2.4 mm/s spindle
down speed was set as the object of this study.

2.3 Characterization and mechanical testing
Metallographic samples were prepared by

taking the center of joints to conduct wire cutting,

and then were mechanically polished with diamond

(a)

(b)
Depress +
rotate

—

Rivet =¥
AA 7075-T6 =
Low carbon steel =
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Ya-jia LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3893—-3904

polishing pastes after polishing with 240#, 400#,
800#, 1000#, 1200#, 1500# and 2000# sandpaper.
The steel and aluminum alloy were etched with
4 vol.% nitric acid and Keller reagent, respectively.
The macro- and micro-structures were observed
using a Zeiss optical microscope (OM) and a
QUANTA 250 scanning electron microscope (SEM)
equipped with energy disperse spectroscopy (EDS).

Lap shear tests of the samples were carried out
on an Instron crew-test frame (1 mm/min). The
average value of three samples under identical
parameters was used to determine the final result.
Figure 3 shows the location and dimensions of the
lap shear test samples. The rivet is centrally located
in the lap area, which is 39 mm x 39 mm. A 2
mm-thick spacer was used to make sure that the
central axis of the sample and the tensile axis were
aligned. With a load of 200 g and a holding time of
15s, an HVS-1000TM/LCD microhardness tester
was employed to assess the microhardness in
various regions of the typical joint.

3 Results and discussion

3.1 Evolution of joint morphology
Figure 4 illustrates the evolution of joint
morphology under different spindle down distances

()
2 Retreat
Mechanical

locking

Metallurgical
bonding

Fig. 2 Schematic illustrations of friction plug—riveting spot welding: (a) Drilling stage; (b) Welding stage; (c) Retreating

stage

Fig. 3 Schematic diagram of lap shear testing
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Fig. 4 Evolution of joint morphology under different spindle down distance: (a) 2.6 mm; (b) 2.8 mm; (c) 3.0 mm;

(d) 3.2 mm; (e) 3.4 mm

using the optimal parameter combination of a
spindle down distance of 3.4 mm, a rotation speed
of 4000 r/min and a spindle down speed of
2.4 mm/s. The rivet had drilled through the upper
aluminum alloy at this moment. During the drilling
stage, aluminum was extruded and gradually flowed
to the rivet groove, leaving a large gap between the
rivet cap and the steel sheet. At the welding stage,
when the spindle down distance was 2.6 mm, a gap
persisted between the rivet and the steel sheet,
indicating insufficient metallurgical bonding, as
shown in Fig. 4(a). Subsequently, the rivet tip was
consumed to form a solid-phase welding zone,
which initially appeared as a small region at the
rivet ends when the spindle down distance was
2.8 mm. Besides, the initial hook resulted from the
rivet tip flowing along the sheet length direction
under pressure, as shown in Fig. 4(b). With the
spindle down distance further increased to 3.0 mm,
an obvious solid-phase welding zone formed. At the
same time, extruded aluminum alloy filled the rivet
groove, as shown in Fig. 4(c). On the one hand, the
low carbon steel sheet deformed during the welding
process because its hardness and yield strength

were lower than the 1045 steel rivet, causing the
rivet tip to flow diagonally upward along the
deforming steel sheet. On the other hand, due to the
inward resistance from aluminum flow, the
extruded rivet rolled inward, leading to a hook
formation. Furthermore, the rivet cap was tightly
positioned on top of the aluminum sheet. The gap
between the rivet groove and aluminum sheet
gradually disappeared at a spindle down distance of
3.4 mm, as shown in Figs. 4(d, ¢). Concurrently, the
solid-phase welding zone expanded and the hook
became more visible.

It was noteworthy that the hook became more
incurvate as the rivet descended during the welding
process. At the initial welding stage, the rivet tip
became soft rapidly and was crushed firstly due to
the high temperature at the rivet tip and the high
thermoplastic of the rivet, as shown in Fig. 5(a).
Subsequently, at the medium welding stage, the
lower steel sheet depressed because of its lower
microhardness and yield strength compared to the
1045 rivet, as shown in Fig. 5(b). The depression of
the lower steel sheet caused the crushed rivet to
flow in the direction of the depression. Furthermore,
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as the rivet continued to descend, the aluminum
around the rivet applied inward resistance to inhibit
the flow of the crushed rivet, leading to the
formation of the hook, as shown in Fig. 5(c). The
hook has the ability to realize mechanical
interlocking, making the mechanical performance
of joints further favor when the joints are under the
lap shear load in the experiment.

3.2 Microstructure

During the friction plug—riveting spot welding
process, the stirring effect and friction heat
production from the rivet caused various regions of
the joint to undergo diverse thermal cycling and
plastic deformation processes. At last, the different
grain characteristics appeared in the different
regions.

Figure 4(e) demonstrates an ensemble of the
aluminum alloy, low carbon steel and the rivet.

(a)
Depress + rotate b4
Rivet —»
AA 7075-T6 - [ & o

Low carbon steel = |
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Figure 6 displays the microstructure of different
regions of the joint under optimal parameters,
which can be mainly divided into six typical zones.
The rivet BM (Region I) was made up of
ferrite and pearlite, as shown in Fig. 6(b). The rivet
HAZ, (Region II) that included a mixture of ferrite,
pearlite and martensite shown in Fig. 6(c), was
located near the rivet BM in a low temperature area.
The low temperature caused some pearlites to
austenitize and eventually transform into coarse
martensite due to the high cooling rate. The rivet
HAZ, (Region III) shown in Fig. 6(d) is close to the
strongest welding zone. The temperature of the rivet
HAZ, was between Acs (the threshold temperature
at which ferrite is fully transformed into austenite)
and Ac; (the threshold temperature at which ferrite
is fully transformed into austenite), leading to partial
austenitization and consequently the formation of a
mixed phase of ferrite and coarse martensite. The

----Rivet flow

c
© —Al flow

Fig. 5 Process of hook formation at welding stage: (a) Initial stage; (b) Medium stage; (c) Late stage

LU I: Rivet BM
gy B 0 &4
Eerrite, (* Yoy 9l
¥ [ wif A Pearlite
% q il W
v ¥

[I: Rivet HAZ,

Pearlitet

“imartensite

*

VI: AL HZA

“og) . Aluminum
i  flowz.

Fig. 6 Macro-morphology and microstructure of welding joint: (2) Macro-morphology; (b) Rivet BM; (c) Rivet HAZ;;

(d) Rivet HAZ>; (e) Rivet HAZ3; (f) Stir zone; (g) Al HAZ
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rivet HAZ; (Region 1V) in Fig. 6(e) displays an
ultrafine martensite structure that experiences strong
friction and high temperature. The peak temperature
of the rivet HAZ; exceeded Acs, causing the
grains to turn into martensite after complete
austenitization and rapid cooling. Due to the
temperature effect and the high-speed rotation of
the rivet, numerous dislocations and slips occurred
at the rivet and the steel sheet interface. This
provided a location and energy for grain nucleation,
resulting in a large number of equiaxed fine grains
in the stir zone (Region V), as shown in Fig. 6(f).
However, in the area of the steel sheet slightly away
from the rivet and the steel sheet interface, dynamic
recrystallization degree and grain refinement were
lower than that at the interface due to better heat
dissipation. As a result, new fine grains without

EDS seanning line

distortion formed. Additionally, grains close to the
steel sheet BM in the stir zone were stretched
horizontally after extrusion by the rivet. Due to
squeezing by the hook and rotational friction
around the rivet, the flow behavior of aluminum
alloy occurred in the direction indicated by the
arrows in Region VI, as shown in Fig. 6(g). The
grains in the Al HAZ close to the rivet underwent
dynamic recrystallization under high temperature
and plastic deformation impact. Meanwhile, due to
high rotation by the rivet, grains were broken into
fine grains even if they grew.

SEM and EDS were utilized to further
investigate the microstructure of the joint. The
SEM images and EDS line scanning are shown in
Fig. 7. Table 2 lists the EDS point scanning results of
different locations in Fig. 7. The entire morphology

EDS scanning line

Yy

A]f

~— IMCs layer

«

EDS scamﬁg line

+C

Fig. 7 SEM images of left side of cross-section of welded joint
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Table 2 EDS point scanning results (at.%)

Point in Fig. 7 Fe Al
A 22.19 77.81
B 81.26 18.74
C 34.41 65.59
D 26.18 73.82
E 73.07 26.93

of the left side cross-section of the joint is shown in
Fig. 7(a). The EDS line scanning results in
Figs. 7(b, ¢) showed that there was a gap between
the rivet cap and aluminum sheet, confirming that
Al did not diffuse into the rivet. This phenomenon
was attributed to the rivet cap being minimally
affected by heat. Figure 7(d) shows the hook and
aluminum interface. The EDS line scanning result
indicated a 2 um-thick IMCs layer composed of
FeAl; and FeAl,. The formation of IMCs was due
to the extremely high temperature in this region and
vigorous aluminum flow caused by severe rotation
of the rivet. Consequently, Al diffused into the rivet
hook, leading to a metallurgical reaction between
Fe and Al. The gap between the aluminum sheet
and steel sheet was filled with fragmental steel and
aluminum, as in Fig. 7(e). The high
temperature around the rivet tip and steel sheet
interface, coupled with strong flowability of
aluminum, resulted in Fe—Al compound formation,
as shown in Fig. 7(f). The cracks in Fig. 7(f) were
caused by a sudden temperature drop at the end of
the welding process. Therefore, this part of the
IMCs should be avoided as it significantly impacts
joint performance.

shown

3.3 Microhardness
Figure 8 illustrates  the

distribution of the welded joint.
hardnesses of the rivet BM, steel BM and aluminum
BM were HV 320, HV 160 and HV 133,
respectively. As depicted in Fig. 8(a), the micro-
hardness of the rivet HAZ initially increased and
then stabilized as the heat generated from rotating
friction changed. As analyzed in Section 3.2, partial
austenitization of grains occurred in the rivet
HAZ+. The closer to the lower side of the rivet
HAZ, the stronger the rotational friction, resulting
in greater austenitization. Eventually, pearlite
transformed into martensite after rapid cooling,

microhardness
The micro-
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Fig. 8 Microhardness distribution of welded joint:
(a) Rivet side; (b) Steel side; (c) Al alloy side

causing an increase in microhardness. The complete
austenitization of grains took place in the rivet
HAZ;, where the microhardness reached about
HV 720 due to the ultrafine martensite structure. It
was noteworthy that a peak microhardness occurred
in the rivet HAZ3 as a result of the formation of a
brittle-hard Fe—Al IMCs layer. The rivet failure
mode tended to take place in this IMCs area and
expanded along the IMCs Ilayer. Figure 8(b)
presents the microhardness of the steel sheet side.
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As mentioned in Section 3.2, grain sizes varied in
different arecas away from the rivet and the steel
sheet interface. The closer to this interface, the finer
the grain. The fine grain strengthening occurred
near the rivet due to high-speed rotation and stirring
by the rivet, resulting in maximum microhardness.
As measurements proceeded, the microhardness of
the stir zone softened due to low temperature away
from the rivet and the steel sheet interface during
welding, finally recovering to steel BM hardness
level. As shown in Fig. 8(c), the hardness of the Al
HAZ decreased with increasing temperature, and
the hardness of the aluminum sheet side recovered
from rivet outward to Al BM hardness level.

3.4 Mechanical performance

The joint strength primarily originated from
the bonding interface between the rivet and the
lower steel sheet. The lap shear load at different
spindle down distance (rotation speed = 4000 r/min,
spindle down speed = 2.4 mm/s), spindle down
speed (spindle down distance = 3.4 mm, rotation
speed = 4000 r/min) and rotation speed (spindle
down distance = 3.4 mm, spindle down speed =
2.4 mm/s) were measured by a variable-controlling
approach based on the optimal parameter
combination. The average lap shear load value of
three samples was taken as the final result, as
shown in Fig. 9. The test revealed that as the
spindle down distance increased, the lap shear load
also increased due to the growth of the solid-phase
welding zone (Fig.4). When the spindle down
distance was 3.4 mm, the lap shear load reached
14.36 kN. In general, for samples with constant
spindle down distance and rotation speed, the lap
shear load increased as the spindle down speed
increased. It was worth noting that when the spindle
down speed was 1.2 mm/s, the lap shear load was
the lowest. This issue primarily arose due to the
short welding time and minimal downward pressure
leading to weak metallurgical bonding. When the
spindle down speed and the spindle down distance
were held constant, a low or high rotation speed
resulted in a low lap shear load on the joint. The
reason was that, at a low rotation speed, the heat
produced by rotating friction was insufficient to
realize strong metallurgical bonding. However, at a
high rotation speed, excessive heat built up inside
the joint promoted the Al diffusion and fostered the
development of brittle IMCs.

Lxeast xxAavo
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Fig. 9 Results of lap shear test under different spindle
down distance, spindle down speed and rotation speed

Figure 10 shows the failure modes of different
samples after the lap shear test, which were divided
into interface failure, rivet failure and Al BM failure.
In the case of interface failure, the rivet and steel
sheet separated along the bonding interface due to
insufficient metallurgical bonding between them, as
shown in Fig. 10(a). The enlarged view of the
fracture on the steel sheet side, shown in Fig. 10(d),
reveals the marks of rotating friction from the rivet
on the steel sheet. As for the rivet failure mode
shown in Figs. 10(b, €), a portion of the fracture
displayed a river pattern, which was a typical brittle
fracture characteristic, indicating the presence of
brittle IMCs (Fig. 10(f)). Additionally, fine dimples,
indicative of plastic fracture characteristic, were
also present, as shown in Fig. 10(g). With regard to
the Al BM failure mode shown in Fig. 10(c), the
fracture took place in the Al BM. The joints
exhibiting this failure mode possess strong
load-carrying capacity.

4 Conclusions

(1) In the friction plug—riveting spot welding
process, the metallurgical bonding between the rivet
and the steel sheet was achieved through high-speed
rotational friction of the rivet. With the increase of
the spindle down distance, the rivet was consumed
to bond the steel sheet. When the spindle down
distance reached 3.4 mm, the metallurgical bonding
between the rivet and the steel sheet was the most,
resulting in optimal mechanical performance.

(2) The hook formed in the joint enabled
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morphology of rivet failure; (c) Macro-morphology of Al BM failure; (d, e) Enlarged view of fracture surface;

(f, g) Typical fracture morphologies marked in (e)

mechanical interlocking, enhancing the mechanical
performance of joints under lap shear load in the
experiment.

(3) Six typical regions were formed in the
joint: rivet BM, rivet HAZ,, rivet HAZ,, rivet HAZ3,
stir zone and Al HAZ. The interface between rivet
and the steel sheet, such as rivet HAZ3; and upper
stir zone, experienced the strongest friction and the
highest temperature. The grain near this interface
transformed into ultrafine martensite after rapid
cooling, resulting in a maximum microhardness of
HV 720.

(4) The joint with Al BM failure mode
exhibited the highest lap shear load of 14.36 kN
under a parameter combination of 3.4 mm spindle
down distance, 4000 r/min rotation speed and
2.4 mm/s spindle down speed.
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K 1045 $MHI505TX AA 7075-T6 s5& &
KIRNFITEEEZE-IIEE S IE

XNk, FETF, WEE, BAE, B M, RIGE, BER
AERRHEOR S MORRL S TR 2R, JE5T 100083

1 OFE: R MR T R JOIR R I AN YR Sk IR AR S BT (R B B - R A R L E, X 7075-T6 45
B AR T RSB BEAT IR R . WEFURSL IR B WO S Ak MRS BT DIk RE . BB 2k R R BE
RGN, AT S T R ANOR AR BRI, TR IR R A S EAR X . BEAN, HERALTE BB TR S5
DINUBOERE SR AL T T BE . SR IRKW], 7E 3.4 mm P EHNFEESE . 4000 r/min (1) FHFEHEA 2.4 mm/s 1K) 35
TEEREMTATZSHAET, BERNBIB R VIEA A E] 14.36 kN, 23 LIER G SR R AR
KRR BEHE-GEE AR BEe KN RMEREERE
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