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Abstract

Friction stir incremental forming (FSIF) process was applied to join a commercial
open-cell type nickel foam with a polymethyl methacrylate (PMMA) sheet for fabrication of
porous metal-nonporous resin composite. In this process, a rotating rod-shaped tool was
vertically pushed and horizontally fed against the sheet on the foam. The sheet was
frictionally heated and incrementally deformed by the rotating tool, while the cellular matrix
of the foam was not plastically deformed. The sheet with a thickness of 1.0 mm was joined
with the foam under FSIF conditions of rotation rate faster than 2000 rpm and feed rate
slower than 60 mm/min. The joining strength between the foam and the sheet was
investigated by performing tensile test. The joining strength was obtained over the fracture
strength of the foam. The joining mechanism of the foam and the sheet was discussed from
the microscopic observation of the foam—sheet interface and the temperature change in the
sheet. It is concluded that the sheet was mechanically interlocked (anchored) to the porous
structure of the foam by the plastic flow of the heated and softened PMMA into the surface

pores of the foam.
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1. Introduction

To realize lightweight structural components, the use of porous materials has one of
attractive and practical means owing to their low density. Ashby et al. (2000) and Banhart
(2001) have introduced the characterization, properties, manufacturing methods and
applications of porous materials. Their porous structures have potentials for contributing to
not only lightweight but also functional features such as high energy absorbing capacity, low
heat transfer property and high sound absorbing capacity. Composite components with porous
material and nonporous material such as sandwich-structure composite play an important role
for the more widespread use of porous materials in structural and/or functional components.
In fabrication of the composite components, joining of porous material and nonporous
material is a crucial technical target. Since the porous structures tend to exhibit low specific
strength characteristics, joining with high specific strength material such as resin is strongly
desired for improving the strength—mass relationship in a sandwich-structured composite.

Some fabrication methods for the porous—nonporous metal composite were proposed
for porous materials. Peng et al. (2019) joined a closed-cell type aluminum foam with an
aluminum sheet by friction stir welding (FSW). In this method, the foam was stirred with the
sheet by a tool with a probe. Liu et al. (2017) joined open-cell type nickel, copper and
iron-nickel foams with aluminum alloy sheet by self-piercing riveting. Wang et al. (2010)
fabricated an open-cell type aluminum foam with an aluminum alloy sheet by vibration aided
liquid phase bonding. Shiomi et al. (2010) fabricated a closed-cell type aluminum foam with a
stainless steel pipe by molding the foam into the pipe. Lobos et al. (2009) and Koriyama et al.

(2012) closed surface pores of a lotus-type porous copper by wire-brushing and shot-peening



processes. The authors (Matsumoto et al., 2015, 2018) applied friction stir incremental
forming (FSIF) process for sheet metal forming to form nonporous skin layer on a surface of a
closed-cell type aluminum foam. Concerning fabrication methods for porous
metal-nonporous nonmetal composite, Kitazono et al. (2009) and Yuan et al. (2015) coated
epoxy resin on a closed-cell type aluminum foam. The authors (Matsumoto et al., 2016) also
filled surface pores of a closed-cell type aluminum foam with polyamide by selective laser
melting (SLM). Suzuki et al. (2018) infiltrated epoxy resin into open-cell surface layer of
aluminum, while Kim et al. (2019) joined an aluminum alloy sheet with polyamide through
porous surface layer of the aluminum sheet by hot pressing. The strength—mass relationship of
above sandwich-structured composites was reported to be improved in tensile, compression
and bending tests.

Many joining methods for nonporous metal and resin sheet were developed. For
example, Katayama and Kawahito (2008) joined a stainless steel plate with a polyethylene
terephthalate (PET) plastic sheet by irradiating diode laser irradiation onto the PET sheet. In
this method, joining was realized by atomic, nanostructural or molecular bonding through the
oxide film of stainless steel. Okada et al. (2014) developed friction lap processing of which an
aluminum alloy sheet was welded with an ethylene-acrylic acid copolymer (EAA) sheets by
pressing a probe less rotating tool from the surface of the aluminum sheet. Kajihara et al.
(2018) developed blast-assisted direct joining of which an aluminum alloy sheet with
micro-blasted surface texture was joined with polybutylene terephthalate (PBT) by injecting
the PBT to the aluminum sheet on molding in the mold. In these joining processes, the metal
was mechanically joined with the resin by the micro surface topology of the metal or the resin.
These fabrication processes for the composites are summarized in Table 1.

In this study, friction stir incremental forming (FSIF) process is applied to join a

commercial open-cell type nickel foam with a polymethyl methacrylate (PMMA) sheet for



fabrication of porous metal-nonporous resin composite. The relationship between the FSIF
conditions and the deformation behavior of the sheet is investigated. The joining strength
between the foam and the sheet is investigated by performing tensile test. The joining
mechanism of the foam and the sheet is discussed from the microscopic observation of the

foam—sheet interface and the temperature change in the sheet.

Table 1 Some research works of fabrication processes for composites of porous metal,

nonporous metal and nonporous nonmetal.

Composite Fabrication Material a Material b Forming/heating Remark Reference(s)
process (substrate) material(s)
Porous Friction stir Closed-cell type Aluminum sheet | Materials a and b Peng et al.
metal— welding (FSW) aluminum foam (2019)
nonporous Self-piercing Open-cell type Aluminum alloy | Materials a and b Liu et al.
metal riveting (SPR) nickel, copper and sheet (2017)
iron-nickel foams
Vibration aided Open-cell type Aluminum alloy | Interlayer Wang et al.
bonding aluminum foam sheet material (2010)
(Zn-Al-Cu based
filler alloy)
Extrusion and Stainless steel pipe Closed-cell type | Material b No joining Shiomi et al.
molding aluminum foam (2010)
Wire-brushing Lotus-type porous - Material a Closure of Lobos et al.
copper surface pores (2009)
Shot-peening Lotus-type porous - Material a Closure of Koriyama et al.
copper surface pores (2012)
Friction stir Closed-cell type - Material a Closure of Matsumoto et
incremental aluminum foam surface pores al. (2015)
forming (FSIF)
Friction stir Closed-cell type Aluminum Materials a and b Matsumoto et
powder aluminum foam powder al. (2018)
incremental
forming (FSPIF)
Porous Infiltration Closed-cell type Epoxy resin Material b Kitazono et al.
metal— aluminum foam (2009), Yuan et
nonporous al. (2015)
nonmetal Selective laser Closed-cell type Polyamide Material b Matsumoto et
melting (SLM) aluminum foam powder al. (2016)
Infiltration Aluminum with Epoxy resin Material b Suzuki et al.
open-cell surface (2018)
layer
Hot pressing Aluminum alloy Polyamide sheet | Material b Kim et al.
sheet with porous (2019)
surface layer
Nonporous Laser irradiation Stainless steel plate Polyethylene Materials a and b Katayama and
metal— terephthalate Kawahito
nonporous (PET) sheet (2008)
nonmetal Friction lapping Aluminum alloy Ethylene-acrylic | Material a Okada et al.
sheet acid copolymer (2014)
(EAA) sheet
Injection molding | Aluminum alloy Polybutylene Material b Kajihara et al.
sheet with terephthalate (2018)
micro-blasted (PBT)
surface texture




2. Joining of porous material and resin by friction stir incremental forming

FSIF process which was originally developed for sheet metal forming by Otsu et al.
(2010) is a forming process combining single point incremental sheet forming with friction
stir welding (FSW). The authors (Matsumoto et al., 2015, 2018) applied FSIF process to form
nonporous skin layer on a surface of a closed-cell type aluminum foam. In this study, FSIF
process is applied to join porous material with resin sheet for fabrication of porous
metal-nonporous resin composite. Figure 1 shows the schematic illustration of FSIF process
for joining of porous material and resin sheet. A rotating rod-shaped tool is vertically pushed
against the sheet placed on the foam and horizontally fed into the sheet. The tip of the tool is
flat. The tool is not tilted with respect to the z axis. The sheet is aimed to be frictionally

heated and incrementally deformed by the rotation and feed of the tool, while the foam is not

plastically deformed.
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Fig. 1 Schematic illustration of friction stir incremental forming (FSIF) process for joining of

porous material and resin sheet.

3. Experimental procedures
3.1. Nickel foam and polymethyl methacrylate

A commercial open-cell type nickel foam (Sumitomo Electric Industries: Celmet®,



Ni-Cr, Figure 2) (Inazawa et al., 2010) was used as porous material for FSIF process. The
mean pore diameter, mean apparent density and mean buoyant density of the foam were 0.8
mm, o = 0.42 Mg/m? and 5.50 Mg/m?, respectively (Kim et al., 2017). However, the pores
with various sizes and shapes were randomly distributed in the foam. The porosity was
calculated to be greater than 0.9 from the apparent density and the buoyant density. Here it
implies that the micro pores exist in cellular matrix because the buoyant density was lower
than the density of pure nickel (8.90 Mg/m?). The average plateau stress of the foam was opl =
0.42 MPa (Kim et al., 2017).

A commercial transparent polymethyl methacrylate (PMMA) sheet with a thickness
of 1.0 mm (Asahi Kasei Chemicals Corporation: Delaglass™ A) was used as resin for FSIF
process. The surface of the sheet used was as-received condition (surface roughness: Ra =
0.04 pm). The density of the sheet was ps = 1.19 Mg/m?, and the glass transition temperature
was 373 K. The proof stress of the sheet was os = 75 MPa. The sheet was put on the foam
before FSIF process.

Since the specific proof stress of the sheet (os/ps = 63 MPa-m*/Mg) is much higher
than the specific plateau stress of the foam (op/or = 1 MPa-m?*/Mg), the strength of the
foam—sheet composite is expected to be higher than that of the foam. Therefore the fabrication
of the foam joined with the sheet is effective for improving the specific strength of the
component with foam. In addition, it has a potential for improving the functional properties

such as anti-corrosion and high airtightness properties.



Fig. 2 Photographs of open-cell nickel foam used in this study.

3.2. Friction stir incremental forming (FSIF) conditions

The nickel foam with a rectangular parallelepiped with the dimensions of 20 mm x
20 mm x 10 mm and the PMMA sheet with a length of 60 mm and a width of ws = 20 mm
were used for FSIF process. FSIF process was performed under dry condition (without
lubrication) at room temperature on a 3-axis NC milling machine (Roland DG Corporation:
MDX-540s). The rod-shaped tool with a surface roughness of Ra = 1.6 um was made of a
high speed tool steel (JIS: SKH51, 58 HRC). The tool diameter was ¢$6 mm, and the tip was
flat with a corner radius of 1 mm as illustrated in Figure 1. Therefore the diameter of the flat
area was de = ¢4 mm. The FSIF conditions were set as follows; the rotation rate of the tool
was @ = 1000—12000 rpm, the pushing pitch (pushing depth) in the z direction was p: = 0.5
mm, the feed rate of the tool was f = 6-600 mm/min in the y direction. Here the pushing pitch
(pushing depth) was a pitch (depth) in the z direction from the top surface of the formed

PMMA sheet.

3.3. Tensile test conditions
The joining strength of the nickel foam—PMMA sheet joined by FSIF process was
measured by performing uniaxial tensile test on a material testing machine. The top surface of

the joined area of the sheet was bonded with a PMMA rod with a diameter of ¢6 mm and a



length of 50 mm by a dichloromethane solvent after polishing and degreasing of the top
surface of the joined area of the sheet. On the other hand, the bottom of the foam was bonded
with a steel plate by an epoxy adhesive, and the foam was fixed from the top of the foam to
the plate using jigs with bolts. The schematic illustration of the foam—sheet specimen bonded
with rod and plate for uniaxial tensile test is shown in Figure 3. The bonding strengths of the
sheet-rod and the foam—plate were approximately 10 MPa and 30 MPa, respectively. The
rod—sheet—foam—plate specimen was pulled perpendicular to the joined interface of the
foam—sheet with a rate of | mm/min at room temperature by chucking the rod and the plate on
a material testing machine.

The joining strength of the foam and the sheet was evaluated by nominal tensile
stress. The nominal tensile stress (ot) was calculated by dividing the tensile load by the

nominal surface area of the sheet in FSIF process (de:Ws).

ﬁ Pullout

Jig for fixing PMMA rod

Nickel foam\ PMMA sheet
(
Bolt - . / .

Steel plate ",

Fig. 3 Schematic illustration of specimen of nickel foam—PMMA sheet bonded with PMMA

rod and steel plate for uniaxial tensile test.



4. Experimental results
4.1. Relationship between FSIF conditions and joining state

Figure 4 shows the appearances of the specimen of the nickel foam and the PMMA
sheet after FSIF process. The surface of the FSIFed area in the PMMA sheet (width in the x
direction: approximately 5 mm) was clouded, and rotation marks and scanning marks of the
rod-shaped tool appeared. The sheet was joined with the foam in Figure 4(a), and the width of
the clouded area in the x direction was almost constant. On the other hand, the sheet was not
joined with the foam in Figures 4(b)—(d). Due to high tool feed rate, the plastic deformation of
the sheet was unstable, so that the width of the clouded area was not constant in the x
direction in Figure 4(b). Due to low tool rotation rate, the turbidity of the FSIFed area in the
sheet was low in Figures 4(c) and (d). The surface profiles of the PMMA sheet after FSIF
process are shown in Figure 5. The sheet of the FSIFed areas of (a) and (c) were concaved
under low feed rate condition ((a) and (c)) because the sheet was pushed into the foam.

Figure 6 shows the x-z cross-sectional photographs of the interface between the
nickel foam and the PMMA sheet after FSIF process. In Figure 6(a), in which the sheet was
joined with the foam, PMMA plastically flowed into the porous structure of the foam below
the FSIFed area of the sheet, and the foam below the FSIFed area was not plastically
deformed. The foam below the FSIFed area was not also plastically deformed in Figure 6(b),
however the top surface of the sheet was shaved, and the gap was observed between the foam
and the sheet at the FSIFed area. As the result, the sheet was not joined with the foam. On the
other hand, in Figures 6(c) and (d), in which the sheet was not also joined with the foam, the
sheet and the foam were plastically deformed and the bottom part of the sheet did not
plastically flow into the porous structure of the foam.

The experimental results of the joining state of the foam—sheet specimen after FSIF

process are plotted against the relationship between the rotation rate and the feed rate of FSIF



process in Figure 7. The sheet was joined with the foam under FSIF conditions of @ > 2000
rpm and f < 60 mm/min. The sheet was not joined with the foam under FSIF conditions of @
< 1000 rpm due to the deformation of the foam and f = 120 mm/min due to the gap
between the foam and the sheet.

The measurement results of the flow thickness of PMMA into the porous structure of
the foam are shown in Figure 8. Here the flow thickness was measured in the x-z
cross-section of the center of the y direction in the fabricated foam joined with sheet at 1.0
mm pitch in the x direction by microscopic observation. The variations in tool rotation and
feed rates of FSIF conditions were summarized by the relative forming rate (ra/f, r = de/2).
The relative forming rate is known to be an index of heat input in friction stir welding process
(Lakshminarayanan et al., 2009). The flow thickness of PMMA in the foam joined with the
PMMA sheet was thicker than 0.2 mm, especially it was 0.6—0.7 mm in the FSIF conditions
of ro/f = 1500. The flow thickness of PMMA in the foam was classified by two types;
thicker than 0.2 mm (joining) and thinner than 0.05 mm (no joining) in the FSIF conditions of
ro/f < 500. The joining state of the foam—sheet specimen after FSIF process was unstable
because the FSIF conditions of ra/f < 500 corresponded to low rotation rate condition or

high feed rate condition.



Fig. 4 Appearances of nickel foam and PMMA sheet after FSIF process: (a) @ = 6000 rpm, f =
10 mm/min (joining), (b) @ = 6000 rpm, f = 120 mm/min (no joining), (¢) @ = 1000 rpm, f =

10 mm/min (no joining), (d) @ = 1000 rpm, f = 120 mm/min (no joining).
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Fig. 5 Surface profiles of PMMA sheet after FSIF process: (a) @ = 6000 rpm, f = 10 mm/min
(joining), (b) @ = 6000 rpm, f = 120 mm/min (no joining), (¢) @ = 1000 rpm, f = 10 mm/min

(no joining), (d) @= 1000 rpm, f = 120 mm/min (no joining).
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Fig. 6 Photographs of x-z cross-section of interface of nickel foam—PMMA sheet after FSIF
process: (a) @ = 6000 rpm, f = 10 mm/min (joining), (b) @ = 6000 rpm, f = 120 mm/min (no
joining), (¢) @ = 1000 rpm, f = 10 mm/min (no joining), (d) @ = 1000 rpm, f = 120 mm/min

(no joining).

Minimum feed Maximum rotation
rate \of machine rate of machine

14000
c | /
£ 12000 —--3Q-O------* -0-7_-*.
10000 |— : / O Joining
Qo [ F B No joining with
S 8000 d) @) (@) Q’ A deformation
c I / of nickel foam
2 6000 |— oXe) O /A A No joining with
3 i / gap
@]
= 4000 |- (oo q A A
8 I /
= 2000 QO ____ A ______A
uN I (]
0 L | Nl L
10° 10" 10° 10°

Tool feed rate f/mm-min~"
Fig. 7 Relationship between FSIF conditions and joining state of nickel foam—PMMA sheet

after FSIF process.
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Fig. 8 Measurement results of flow thickness of PMMA sheet into porous structure of nickel

foam plotted against relative forming rate of FSIF process.

4.2. Joining strength of nickel foam and PMMA sheet

Figure 9 shows the photographs of the interface of the nickel foam and the PMMA
sheet during tensile test. The sheet whose bottom part flowed into the porous structure of the
foam was pulled from the porous structure of the foam in the interface with a flow thickness
of PMMA of 0.5 mm. In this case, the cellular matrix of the foam was not fractured, and the
sheet was detached from the foam. On the other hand, the cellular matrix of the foam was
fractured in the interface with a flow thickness of PMMA of 0.7 mm, however the sheet was
partly kept to be joined with the foam. The nominal tensile stress—pullout stroke curves of the
foam and the sheet in tensile test were shown in Figure 10. Here each test was carried out
with two specimens joined under the same condition. The joining strength (nominal tensile
stress) of the foam joined with the sheet increased with increasing flow thickness of PMMA,
and the joining strength was much higher than the plateau stress of the foam. Especially the
joining strength with a flow thickness of PMMA of 0.7 mm was ot > 7.0 MPa over the
fracture strength of the foam because the cellular matrix of the foam was fractured with

joining of the foam and the sheet.



From above results, mechanical interlock of the PMMA sheet flowed into the porous

structure of the foam was dominant in the joining strength of the foam and the sheet.

(a) (b)
PMMA rod PMMA sheet PMMA rod PMMA sheet

Nickel foam Nickel foam

Fig. 9 Photographs of interface of nickel foam and PMMA sheet during tensile test: (a)
detachment of PMMA sheet from nickel foam (flow thickness of PMMA: 0.5 mm), (b)

fracture of nickel foam (flow thickness of PMMA: 0.7 mm).
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Fig. 10 Nominal tensile stress—pullout stroke curves of nickel foam joined with PMMA sheet

in tensile test.



4.3. Minimum pushing depth of tool and maximum thickness of PMMA sheet for joining

Influence of the pushing depth of the rod-shaped tool and the PMMA sheet thickness
on the joining state was investigated under FSIF conditions with @ = 6000 rpm and f = 10
mm/min. Figure 11 shows the relationship between the pushing depth and the joining state in
FSIF process with a sheet thickness of 1.0 mm. The sheet was joined under p: = 0.5 mm
(also shown in Figure 6), however the cellular matrix of the foam was slightly deformed
under pz = 0.7 mm. On the other hand, the sheet was not joined under p; < 0.3 mm.

Figure 12 shows the relationship between the sheet thickness and the joining state in
FSIF process with p: = 0.5 mm. The sheet thinner than 1.5 mm was joined without deforming
the cellular matrix of the foam, while the sheet thicker than 2.0 mm was not joined. Multi pass
operation in the z direction and rod-shaped tool with a larger diameter may be effective for

joining of a thick sheet.

Forming width

Fig. 11 Photographs of x-z cross-section of interface of nickel foam—PMMA sheet after FSIF
process of a sheet thickness of 1.0 mm with @ = 6000 rpm and f = 10 mm/min: (a) p: = 0.1

mm (no joining), (b) pz = 0.3 mm (no joining), (¢) pz = 0.7 mm (joining).
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Fig. 12 Photographs of x-z cross-section of interface of nickel foam—PMMA sheet after FSIF
process under @ = 6000 rpm, f = 10 mm/min and p; = 0.5 mm: (a) sheet thickness: 1.5 mm

(joining), (b) 2.0 mm (no joining).

4.4. Crystallinity and hardness of PMMA sheet after FSIF process

Figure 13 shows the x-ray diffraction (XRD) pattern of the formed surface of the
PMMA sheet after FSIF process. The XRD pattern was measured by x-ray diffraction method
on an x-ray diffractometer (Rigaku Corporation: SmartLab SE) under an irradiation power of
1.6 kW and diffraction angles of 5-70°. The diffraction angles of the peak intensity of the
FSIFed sheets were the same with the as-received sheet. The sharp peaks of the intensity were
not measured in the diffraction pattern of all sheets because PMMA was amorphous resin. The
peak intensities of the diffraction pattern of the FSIFed sheets were lower than that of the
as-received sheet. The crystallinity of the sheet was reduced by FSIF process, however the
influence of the FSIF conditions (tool rotation and feed rates) on the reduction of the
crystallinity was small. The Rockwell’s hardness of the formed surface of the PMMA sheet
after FSIF process is shown in Figure 14. The hardness of the FSIFed sheets was almost the

same with the as-received sheet.
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Fig. 13 X-ray diffraction pattern from x-y surface of PMMA sheet after FSIF process: (a) o =
6000 rpm, f = 10 mm/min (joining), (b) @ = 6000 rpm, f = 120 mm/min (no joining), (¢) w =

1000 rpm, f = 10 mm/min (no joining), (d) @= 1000 rpm, f = 120 mm/min (no joining).

As—received

Rockwell's h

Fig. 14 Rockwell’s hardness of x-y surface of PMMA sheet after FSIF process: (a) @ = 6000
rpm, f =10 mm/min (joining), (b) @ = 6000 rpm, f = 120 mm/min (no joining), (¢) @ = 1000

rpm, f =10 mm/min (no joining), (d) @ = 1000 rpm, f =120 mm/min (no joining).



5. Discussions on joining mechanism
5.1. Temperature increase of PMMA sheet

The temperature change of the PMMA sheet during FSIF process was measured by a
K type thermocouple. The thermocouple was bonded to the bottom of the sheet at a distance
of 20 mm in the y direction from the start position of FSIF process by cyanoacrylate adhesive.
The measurement results of the temperature of the sheet during FSIF process are shown in
Figure 15. The temperature of the sheet increased as the rod-shaped tool approaches to 5 mm
in the y (horizontal) direction from the measurement point. The maximum temperature of the
sheet reached approximately 433 K in FSIF process with @ = 6000 rpm. The temperature of
the sheet increased higher than the glass transition temperature of PMMA (373 K) for longer
than 10 s in FSIF process with @ = 6000 rpm. On the other hand, the maximum temperature
of the sheet reached approximately 353 K, which did not reach the glass transition
temperature of PMMA in FSIF process with @ = 1000 rpm.

The PMMA sheet was locally heated up to higher than the glass transition
temperature of PMMA by the friction between the rod-shaped tool with a high rotation rate
and the sheet. The strength of PMMA at the glass transition temperature was approximately
1/5 times of that at room temperature, and the viscosity significantly decreased at
approximately 400 K (Bernhardt, 1959). The PMMA softened at higher than the glass
transition temperature was vertically pushed and plastically flowed into the porous structure
of the nickel foam by the rod-shaped tool, so that the foam was mechanically interlocked
(anchored) with the sheet. This is the similar phenomenon with plastic flow of aluminum plate

in friction-stir forming for fabrication of low-height and ultra-thin fin (Ohashi et al., 2017).
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Fig. 15 Measurement results of temperature of PMMA sheet during FSIF process: (a)

measurement point, (b) measurement results.

5.2. Shape of surface groove in plate

The plastic flow of the PMMA sheet and the mechanical interlock (anchor) of the
PMMA and the porous structure of the foam were demonstrated by FSIF process of an
aluminum plate with a groove and the PMMA sheet. The aluminum plate was commercially
pure aluminum (JIS: A1100). The width and surface angle of the groove (see Figure 16(b)) of
the aluminum plate were 1.0 mm and o = 45°, 90° and 135°, respectively. FSIF conditions
were @ = 6000 rpm and f = 10 mm/min.

The photographs of the x-z cross-section of the interface between the groove in the
aluminum plate and the PMMA sheet after FSIF process are shown in Figure 16. The PMMA
sheet plastically flowed into the groove and filled in the entire width direction of the groove,

however the PMMA sheet was not joined with the aluminum plate with groove of o= 45° and



90°. In the groove with a = 135°, PMMA flowed into the backside of the surface of the
groove. Thus it is concluded that PMMA sheet was mechanically interlocked to the surface

groove.

(a

) E'yx Rod-shaped tool
z

PMMA
sheet
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Fig. 16 Photographs of x-z cross-section of interface between groove in aluminum plate and

PMMA sheet after FSIF process with @ = 6000 rpm and f = 10 mm/min: (a) schematic
illustration of arrangement of tool, sheet and plate, (b) surface angle of groove: a = 45° (no

joining), (¢) &= 90° (no joining), (d) &= 135° (joining).

5.3. EDX analysis of joined interface

Figure 17 shows the element map of the x-z cross-section of the interface of the
nickel foam—PMMA sheet joined by FSIF process. The element map was obtained by energy
dispersive x-ray spectrometry (EDX) analysis. The distributions of nickel and PMMA
(carbon) were clearly detected in Figure 17. The compound of nickel and PMMA was not
detected at the interface between the foam and the sheet. In laser joining process of resin and

aluminum substrate, Lamberti et al. (2014) and Okada et al. (2014) mentioned that the



bonding was mainly due to mechanical interlock by the micro surface topology of the
substrate or the resin. In FSIF joining of the nickel foam and the PMMA sheet, it is concluded
that the chemical reaction contributed to the joining strength between nickel and PMMA was

not caused at the interface.

PMMA

“APMMA+
nickel
goam

Nickel
foam

Fig. 17 Photograph and element map of x-z cross-section of interface of nickel foam—PMMA
sheet joined by FSIF process with @ = 6000 rpm and f = 10 mm/min (green area: carbon, red

area: nickel).

6. Conclusions

Friction stir incremental forming (FSIF) process was applied to join a commercial
open-cell type nickel foam with a polymethyl methacrylate (PMMA) sheet for fabrication of
porous metal-nonporous resin composite. The relationship between the FSIF conditions and
the joining strength was investigated. The joining mechanism of the foam and the sheet was
discussed. The following remarks were obtained.
(1) The sheet was joined with the foam under FSIF conditions with rotation rate of the tool

faster than 2000 rpm and feed rate of the tool slower than 60 mm/min.

(2) The joining strength between the foam and the sheet was over the fracture strength of the

foam.



(3) The sheet was locally heated up to higher than glass transition temperature of PMMA by

the friction between the rod-shaped tool with a high rotation rate and the PMMA sheet.
The PMMA softened at higher than the glass transition temperature was vertically pushed
by the tool and plastically flowed into the porous structure of the nickel foam, so that the

sheet was mechanically interlocked with the foam.
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