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Abstract
Nanoparticle sintering is considered a promising alternative bonding method to Pb- based soldering for
the attachment of components in high-temperature electronic devices. However, the technology still poses
certain challenges, such as difficulty controlling joint thickness and the generation of voids owing to
solvent evaporation. In this study, a solid-state (solvent-free), nanoporous-Cu (NPC) bonding method was
examined. The effect of bonding temperatures (200–400°C) and atmospheres (N2 or formic acid) on the
shear strength of joints formed between NPC sheets and bare Cu disks were investigated by scanning
electron microscopy, X-ray diffraction, and transmission electron microscopy. It was shown that the
bondability of NPC under an N2 atmosphere is closely related to the oxide layer formed on its surface that
impairs the diffusion of Cu atoms between the NPC and Cu substrate. Furthermore, the coarsening of the
NPC microstructure under a formic acid atmosphere at ≥ 350°C owing to the rapid diffusion of Cu atoms
and accompanying plastic deformation induced by surface stress enhances the shear strength of the
resulting NPC/Cu joint. The shear strength of NPC/Cu joints formed under a formic acid atmosphere
increased from 14.1 to 35.9 MPa with increasing bonding temperature. Based on the results of the
investigation, a mechanism was proposed to explain the superiority of the Cu–Cu joints achieved using
this method.

1. Introduction
Power devices suitable for application at high temperatures are widely used in various industries, such as
the automotive, aerospace, and energy production industries [1]. Additionally, wide bandgap (WBG)
semiconductors such as SiC and GaN semiconductors are being developed as promising replacements
for Si-based semiconductors because they are expected to enable the realization of next-generation
electronic power devices with high power density, operation frequency, and break down voltage. These
WBG semiconductors can operate efficiently at temperatures above 300°C [1–3].
The search for alternative materials for power devices, is strongly informed by environmental regulations,
such as the Restriction of Hazardous Substances of the European Union. Recently, Sn-based alloys have
replaced traditional Pb–Sn eutectic solder in power devices; however, suitable materials or processes
have not yet been established to obviate the need for high-temperature Pb–5Sn solder [4]. A number of
studies have focused on high-temperature Pb-free solders, including Au, Bi, and Zn-based alloys. However,
the practical viability of these alloys is limited owing to many inherent problems, such as high cost and
inferior wetting (Au alloys), high processing temperature and poor corrosion resistance (Zn alloys) and
low thermal conductivity (Bi alloys) [1, 4–7].
Transient liquid phase (TLP) bonding is a promising approach to die attachment in power devices [8–12].
TLP bonding involve the complete consumption of low-melting-point materials such as Sn [8, 9] and In
[10, 13], and their formation of intermetallic compounds with high-melting-point materials such as Cu [8],
Ag [9], Ni [11], and Au [13]. However, the TLP bonding at high temperatures (above 260°C) introduces
additional thermal stress into microelectronic devices, deteriorating their reliability [14].
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An alternative bonding approach, that has been investigated to address the abovementioned limitations,
is nanoparticle sintering. Various sintering nanoparticles have been explored by virtue of their high
melting temperatures and superior electrical and thermal conductivities [15–19]. Unlike Ag-nanoparticle
sintering, that is not suitable for practical application because of the high cost and low ion-migration
resistance of Ag nanoparticles [20]. Cu nanoparticle sintering is a promising alternative to Pb-based
soldering [16], since Cu-nanoparticles are strongly resistant to ion-migration and have electrical and
thermal conductivities similar to those of Ag nanoparticles [21]. However, Cu nanoparticle sintering is
unsuitable for electronic devices because of the weak oxidation resistance of Cu [22]. Besides, the
nanoparticle paste contains, various organic substances, including solvents, capping molecules and
binders, which are added to tailor the properties of the paste [19]. For example, polyvinylpyrrolidone
serves as a capping molecule to control the size of the nanoparticles and protect them against oxidation
[23–25]. During the bonding process (sintering), however, residual organic materials can induce the
formation of unexpectedly large voids or gaps in the joint through the coffee-ring effect [26].
The mechanical and chemical properties of nanoporous metals (NPMs) are superior to those of bulk
metals owing to their large surface-to-volume ratio. Furthermore, NPMs are usually prepared by
dealloying, which involves the selective dissolution of electrochemically active metal atoms in an
electrolyte solution from a precursor alloy. More noble (less reactive) metal atoms diffuse along the
surface of the alloy to form islands that corrode with the further dissolution of active atoms, resulting in
the formation of ligament structures [27, 28].
Recently, nanoporous Cu (NPC) has received considerable attention because Cu is less expensive than
noble metals, while its electrical and thermal conductivities are relatively excellent [29]. Kim et al. [30]
reported that solid-state nanoporous bonding (NPB) can be achieved using a nanoporous Ag sheet
without the need for any solvent, organic substance, or flux. The shear strength achieved by a joint
formed through NPB at a high temperature of 300°C is approximately 14.4–27.0 MPa, which is
comparable to that of a joint formed using a conventional Pb–5Sn solder. However, the bonding process
requires high pressure condition and a long soaking time [30].
To address these issues, we previously proposed a novel solid-state bonding method suitable for
application in high temperature power devices, the method achieves NPB via NPC sheets in the absence
of organic substances [31]. We obtained joints with a shear strength comparable to that of joints
produced using conventional Pb–5Sn solder. This bonding method presents additional advantages such
as obviating the need for flux and solvent, and realizing a high shear strength under a formic acid
atmosphere, unlike nanoparticle sintering, nanoporous Ag bonding, and conventional high-temperature
soldering. In this study, we investigated whether NPC sheets produced from cold-rolled Mn–Cu precursor
sheets can be employed in this bonding method. In addition, we evaluated the effects of bonding
conditions, such as atmosphere, and temperature, on the joint formed between an NPC sheet and a bare
Cu disk and its shear strength. The findings informed the optimization of the NPC bonding method.

2.Loading
Experimental
Procedures
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2.1. Preparation and heat treatment of NPC sheets
As shown in Fig. 1(a) and, (b), NPC sheets were prepared using a chemical dealloying method, which
involves the selective dissolution of Mn in 4 % hydrochloric acid from a Mn–Cu precursor alloy with a
chemical composition of Mn–30 at.% Cu. A cold-rolling process was adopted to fabricate Mn–Cu
precursor sheets with a thickness and width of 110–120 µm of 18–20 mm, respectively. The cold-rolled
sheets were immersed in a 4% HCl solution and dealloyed for 4 h at 50°C. The dealloyed samples were
subsequently washed in distilled water and ethyl alcohol and dried in a vacuum desiccator.
2.2. Bonding of bare Cu disks under different conditions
Two, bare oxide free Cu disks were bonded under different bonding conditions; the height and diameter of
the top and bottom disks were 2 and 3 mm, and 5 and 10 mm, respectively (Fig. 1(c)). First, the Cu disks
were immersed in 4% HCl solution and ethyl alcohol and degreased using an ultrasonic cleaner for 5 min.
Next, an NPC sheet was applied to the bottom Cu disk before the top Cu disk was attached using a
thermo-compression bonding system (RB-100D, Ayumi Industry Co., Ltd, Japan) in an N2 or formic acid
atmosphere. The applied pressure was 10 MPa and the bonding temperature was 200–400°C.
2.3. Shear strength test and analysis methods
As-dealloyed NPC sheets and bonded samples were examined using an X- ray diffractometer (Ultima IV,
Rigaku, Japan) equipped with a Cu Kα radiation source. The shear strength of the joints was evaluated
using a shear tester (STR-1001, Rhesca, Japan) at a strain rate of 1 mm/min, as indicated in Fig. 1(c).
The shear strength of a joint was calculated as the maximum fracture load divided by the joint area. The
microstructures of NPC sheets, cross sections of NPC/Cu joints, and their fracture morphologies were
observed using field emission scanning electron microscopy (SU-70, Hitachi, Japan) and transmission
electron microscopy (JEM-2100F, JEOL, Japan). The elemental distribution of the fracture surfaces was
analyzed to identify the fracture mode using an electron probe microanalyzer (JXA-8530F, JEOL, Japan).
The samples for SEM and TEM were prepared using a cross-section polisher (IB-19530CP, JEOL, Japan)
and focused ion beam (JIB-4500, JEOL, Japan), respectively.

3. Results And Discussion
3.1. Bonding mechanisms of NPC/Cu joints under different atmospheres
Figure 2 shows the shear strength of NPC/Cu joints formed under different atmospheres. The average
shear strengths of the NPC/Cu joint formed under an N2 atmosphere is 8.9 MPa. In contrast, the average
shear strengths of the NPC/Cu joint formed under formic acid atmosphere is 30.2 MPa, which is
considerably higher than that of traditional Pb–5Sn solder joints [15, 32]. These results suggest that the
shear strength of NPC/Cu joints is enhanced by a formic acid atmosphere. When bonding easily oxidized
metals, such as Cu nanoparticles [16, 33] or Cu substrates [34], the effect of processing atmosphere on
the shear strength of the joint is significant because the formation of a Cu oxide layers on the Cu surface
can
hinder
metallic interconnection. It has been found that the oxidation of Cu weakens the bond
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interface, resulting in a decrease in the shear strength of the joint [17]. Accordingly, the high shear
strength of the NPC/Cu joint formed under formic acid atmosphere is likely due to the absence of an
oxide layer at the joint interface [35].
To clarify the effect of the surface condition of the NPC sheet on its bondability, TEM and X-ray
diffraction analyses were conducted. Figure 3(a) shows the XRD patterns of an as-dealloyed NPC sheet
and a self-oxidized NPC sheet. In the case of the as-dealloyed NPC sheet, diffraction peaks that are
characteristic of face-centered cubic (fcc) Cu are observed, corresponding its (111), (200), and (220)
planes (Fig. 2(a)). In the case of the self-oxidized NPC sheet, additional low-intensity peaks near 36.6°
and 61.3° are observed, characteristic of Cu2O indicating the presence of a uniform Cu2O layer on the
surface of the self-oxidized NPC sheet. Figure 3(b) shows XRD patterns of the fracture surfaces of
NPC/Cu joints formed at 350°C using different atmospheres. The XRD patterns of both samples contain
characteristic diffraction peaks located at 43.3°, 50.4°, and 74.08° that correspond to the (111), (200), and
(220) planes of fcc Cu, respectively. The XRD pattern of the NPC/Cu joint formed under an N2 atmosphere
contain additional diffraction peaks attributed to Cu2O and CuO. It is important to note that the angles of
the (111), (200), and (220) diffraction peaks characteristic of CuO are very close to the angles of the
corresponding diffraction peaks characteristic of Cu2O owing to their similar crystal structures [36].
However, diffraction peaks corresponding to the (111), (200), and (220) planes of Cu2O are clearly
observed. These results indicate that oxidation of the Cu surfaces occurs during the bonding process
under N2. In contrast, no diffraction peaks characteristic of Cu2O and CuO peaks are observed in the XRD
pattern of the NPC/Cu joint formed under a formic acid atmosphere. This suggests that the formic acid
atmosphere eliminates the Cu oxide layer at the joint interface.
Figure 4(a-c) shows magnified scanning transmission electron microscopy (STEM) and energy-dispersive
X-ray spectroscopy (EDS) images of a self-oxidized NPC sheet that confirm the presence of a Cu oxide
layer on its surface. The O K signal on the surface of the self-oxidized NPC sheet is strong, indicating a
high concentration of oxygen atoms. Furthermore, a line-scan analysis of the self-oxidized NPC sheet
(Fig. 4(d)) was conducted to determine the composition of the oxide layer on its surface. The thickness of
the Cu2O layer formed on the self-oxidized NPC sheet is approximately 5.3 nm. A high-resolution TEM
(HRTEM) image (Fig. 4(e)) of a cross section of a self-oxidized NPC sheet shows the presence of three
layers, i.e., an inner Cu phase (PDF#: 00-001-1241; cubic symmetry; space group Fm-3m; a = 3.6077 Å)
identified by its characteristic (200) planes with an interplanar spacing of 0.181 nm, a middle Cu2O phase
(PDF#: 00-001-1242; cubic symmetry; space group Fm-3m; a = 4.2520 Å) identified by its characteristic
(111) planes with an interplanar spacing of 0.245 nm, and an outer amorphous layer. These results are
consistent with the TEM and XRD results. The formation of Cu oxides on the surface of the self-oxidized
NPC sheet is due to its high surface energy. To conclude, a uniform Cu2O layer is present on the surface
of the self-oxidized NPC sheet [37].
To investigate the bonding mechanisms of NPC/Cu joints formed under an N2 atmosphere and a formic
acid atmosphere, line-scan and HRTEM analysis of each NPC/Cu joint interface were performed. Figure
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5(a) and, (b) show an STEM image and line-scan profile of the interface of an NPC/Cu joint formed at
350°C under an N2 atmosphere that indicate the presence of an oxide layer between the NPC sheet and
Cu disk. The oxide layer acts as a diffusion barrier between the NPC sheet and Cu disk, resulting in a
weak joint and poor reliability since the coefficient of thermal expansion (CTE) of Cu oxide (4.3 ppm/°C)
is significantly less than that of Cu (17 ppm/°C) [38]. A cross-sectional HRTEM image (Fig. 5(c)) of the
NPC/Cu joint interface reveals the presence of two Cu oxides in the Cu oxide layer, namely Cu2O and CuO,
identified by their characteristic (111) and ( ̅111) planes, respectively, with interplanar spacings of 0.300
and 0.251 nm, respectively. This observation suggests that the outer layer of the Cu2O film convers to
CuO, forming a Cu2O/CuO heterojunction, during thermal oxidation. Generally, Cu–O systems have two
stable oxides [39], Cu2O forms predominantly below 300°C and CuO above 300°C [37,40,41]. Therefore,
the oxidation of Cu during the bonding process proceeds according to the follows two reactions [42, 43]:
4Cu + O2→2Cu2O (1)
2Cu2O + O2→4CuO (2)
Furthermore, The CuO in the oxide layer is nearer the Cu disk. The formation mechanism of oxidation of
Cu in the interface of joint shown in Fig. 5(c) was seemed that the oxidation of Cu was a dominant by
NPC. Cu oxidation has been observed in thin films, porous structures, and nanoparticles at various
heating temperatures owing to their high surface energy [37, 44, 45]. Figure 5(d) and, (e) show an STEM
images and EDS line-scan profile of interface of an NPC/Cu joint formed under formic acid atmosphere,
indicating the absence of an oxide layer. The oxide-free interface of the NPC/Cu joint formed under a
formic acid atmosphere illustrates the ability of formic acid to reduce the Cu oxide layer. A corresponding
HRTEM image (Fig. 5(f)) reveals the lattice fringe of fcc Cu along the entire joint. It appears that formic
acid can eliminate the oxide layer on the NPC sheet and facilitate the diffusion of Cu atoms between the
NPC sheet and Cu disk [46]. The reduction of a metal (Me) oxide by formic acid can be expressed as
follows [47]:
MeOx + 2xHCOOH = Me(COOH) 2x + xH2O (3)
Me(COOH) 2x = Me + 2xCO2 + xH2 (4)
xH2 + MeOx = Me + xH2O (5)
Formic acid has been reported to adsorb on Cu surfaces, producing formate by deprotonation and
evolving H2 [48]. Base on the results, the reduction of self-oxidized NPC by formic-acid proceeds as
follows: Cu oxide dissociates to generate a formate anion and H+ from the formic acid adsorbed on its
surface (above 177°C) [49], and the formate anion accelerats the further reduction of Cu oxide [47, 50,
51].
3.2. Bonding mechanisms of NPC/Cu joints formed at different temperatures
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The shear strength of NPC/Cu joints formed at various temperatures under a formic acid atmosphere is
shown in Fig. 6. The shear strength of an NPC/Cu joints formed at 200°C is approximately 14.1 MPa, and
gradually increases with increasing bonding temperature up to 20.4 MPa at 300°C. The high shear
strength of NPC/Cu joints formed at ≥ 350°C (≥ 30 MPa) exceeds the shear strength of conventional
Pb–5Sn solder joints [15, 32]. The initial increase in shear strength is due to an increase in the diffusion
rate of the Cu atoms between the NPC sheet and Cu disk with increasing temperature.
To elucidate the bonding behavior of the NPC sheets at different temperatures, the microstructure of an
as-dealloyed NPC sheet and NPC sheet annealed for 10 min at different temperatures were observed by
SEM (Fig. 7). The annealed NPC sheets exhibits three-dimensional porous structures similar to that of the
as-dealloyed NPC sheet; however, their structures coarsen and their ligaments increase in size with
increasing temperature. The ligament size of the NPC sheets (Figs. 8(b-f)) increases from 133 to 285 nm
with increasing temperature from 200 to 400°C. As the temperature increases from 300 to 350°C, the
ligament size dramatically increases from 169 to 230 nm and the nanoporous structure clearly coarsens.
The surface diffusion coefficient, Ds, is related to the ligament size, d, according to the following equation
[52–54]:

where k is the Boltzmann constant (1.3806 × 10− 23 JK− 1), T is the dealloying temperature, a is the lattice
parameter of Cu (3.6153 × 10− 10 m), and γ is the surface energy which is normally considered to be 1.79
J m2 [55]. Ds value and associated data of the different annealed NPC sheets are presented in Table I.
The Ds value indicate that the surface diffusion of Cu atoms accelerates with increasing annealing
temperature [56, 57].
Figure 8 shows cross-sectional images of NPC/Cu joints formed at various temperatures under a formic
acid atmosphere. The NPC/Cu joints formed at 200 and 250°C are incomplete, (Fig. 8(a) and (b)); fairly
large gaps between the NPC sheets and Cu disks are observed. The NPC/Cu joint formed at 300°C (Fig.
8(c)) contains local dense areas that are associated with neck growths that lead to the coarsening of the
microstructure along the entire joint. Moreover, in the NPC/Cu joint formed at 350°C, significant neck
growth between neighboring ligaments (Fig. 8(d)) is observed. The high shear strength of the NPC/Cu
joint formed at 350°C is attributed to its coarse microstructure. Finally, in the NPC/Cu joint formed at
400°C, the joint is so dense that the interface between the NPC sheet and the Cu disk is difficult to
distinguish (Fig. 8(e)). Accordingly, the porosity of the NPC layers, based on the areal percentage of the
pores in the cross-sectional SEM images of the NPC/Cu joints, decreases with increasing temperature
(Fig. 8(f)). These results suggest that the coarsening mechanism of the NPC layer, that is induced by the
surface diffusion of Cu atoms and accelerates with increasing bonding temperature, leads to an increase
in the shear strength of the NPC/Cu joint [46, 58]. A previous study found that the volume change
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associated with the coarsening mechanism of nanoporous Au is only partially explained by surface
diffusion. Kolluri et al. [59] reported that the coarsening mechanism of the ligaments might also be
attributed to the collapse of adjacent ligaments induced by localized plastic deformation [60]. In NPC,
surface stress induces local plastic deformation and nucleates dislocations [59]. Indeed, the coarsening
of the nanoporous microstructure of the NPC sheet differ from the coarsening of bulk materials.
Dislocations nucleate in the ligaments of the NPC sheet to compensate for surface stresses associated
with the diffusion of Cu atoms [59]. An HRTEM image of an NPC/Cu joint formed at 350°C shows edge
dislocations in the NPC layer (Fig. 9(a)). These dislocations accumulate in adjacent ligaments, causing
the ligaments to migrate and merge, thus contributing to the coarsening of the microstructure [60].
Figure 10 shwos the SEM images of the fracture surfaces of NPC/Cu joints formed at 200–400°C. In Fig.
10 (a) and (b), the fracture surfaces of NPC/Cu joints formed at 200 and 250°C, respectively, display the
nanoporous morphology of the NPC layer. At these relatively low temperature, the coarsening of the NPC
layer is minimal, resulting in weak joints. The fracture surface of the NPC/Cu joint formed at 300°C (Fig.
10 (c)) exhibits distinct plastic deformation characteristics, indicating that fracturing mainly occurs in the
NPC layer. The microstructure of the fracture surface is characterized by significant coarsening. Unlike
the NPC/Cu joints formed at 200 and 250°C, the NPC/Cu joints formed at 350 and 400°C fracture mainly
along the interface between the NPC layer and Cu disk, as evidenced by the morphologies of their fracture
surfaces shown in Fig. 10 (d) and (e), respectively. The bonding temperature is critical to the formation of
the NPC/Cu joints because an appropriate bonding temperature accelerates the diffusion of Cu atoms
between the NPC sheet and Cu substrate to achieve a robust NPC/Cu joint.

4. Conclusion
In this study, reliable Cu-Cu bonding was achieved via and NPC sheet. The bonding mechanisms and
fracture behavior of NPC/Cu joints formed in different bonding environments (under N2 and formic acid
atmospheres) at various temperatures were investigated. The results are as follows:
1. The morphology and XRD patterns of a self-oxidized NPC sheet confirmed the presence of a Cu2O film
on its surface. The Cu2O film acts as a diffusion barrier between the NPC sheet and bare Cu disk because
of the CTE mismatch between Cu and Cu2O.
2. The shear strength of NPC/Cu joints ranged between 8 and 30 MPa, depending on the bonding
environment. The shear strength of NPC/Cu joints increases under a formic acid atmosphere since the
oxide layer on the surface of the NPC sheet is reduced by formic acid, facilitating the diffusion of Cu
atoms.
3. The porous microstructure of the NPC layer coarsens with increasing bonding temperature, owing to
the increasing rapid surface diffusion of Cu atoms as well as the local plastic deformation and
dislocations induced by surface stress. Consequently, the shear strength of NPC/Cu joints formed at >
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300°C under a formic acid atmosphere is higher than that of conventional Pb–5Sn joints, and fracturing
occurs mainly along the NPC/Cu interface.
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Table
Table I. The ligament sizes (d), and associated surface diffusion coefficients of Cu atoms (DS), of NPC
sheets derived from Mn–30 at.% Cu precursor sheets and annealed at different temperatures.
No.

Annealing temperature (K)

d (nm)

Ds (m2/s)

1

0

122

1.80 10-24

2

473

164

8.62 10-23

3

523

169

1.08 10-22

4

573

179

1.14 10-22

5

623

230

1.59 10-22

6

673

285

2.13 10-22
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Figure 1
Schematic of experimental procedures performed in this study.

Figure 2
Shear strength of NPC/Cu joints formed under an N2 and a formic acid atmosphere at 350 °C. Dashed
lines indicate the shear strength of Pb–5Sn die attachments reported in the literature for comparison [15,
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32].

Figure 3
XRD patterns of (a) an as-dealloyed NPC sheet and a self-oxidized NPC sheet derived from Mn–30 at.%
Cu precursor sheets and (b) the fracture surface of NPC/Cu joints formed under an N2 and a formic acid
atmosphere at 350 °C; the diffraction peak positions of Cu (fcc, PDF# 00-001-1241), CuO (monoclinic,
PDF# 00-001-1117), and Cu2O (cubic, PDF# 00-001-1242) are indexed.
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Figure 4
(a) STEM image, corresponding EDS elemental maps of (b) Cu K and (c) O K, and (d) the EDS line scan
profiles. (e) HRTEM micrograph of a self-oxidized NPC sheet.

Figure 5
STEM images of the interfaces of NPC/Cu joints formed under (a) an N2 atmosphere and (d) a formic
acid atmosphere at 350 °C. (b and e) EDS line-scan profiles that show the atomic concentrations of Cu
and O, measured along the yellow dotted lines in (a) and (d). The profiles in (b) indicate the presence of a
Cu oxide layer along the interface of the NPC/Cu joint formed under an N2 atmosphere, while the profiles
in (e) indicate the absence of Cu oxide layer along the interface of the NPC/Cu joint formed under formic
acid atmosphere. HRTEM images of NPC/Cu joints formed under (c) an N2 atmosphere and (f) a formic
acid atmosphere.
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Figure 6
Shear strength of NPC/Cu joints formed under formic acid atmosphere at various bonding temperatures.
Dashed lines indicate the shear strength of Pb–5Sn die attachments reported in the literature for
comparison [15, 32].
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Figure 7
SEM backscattered-electron (BSE) images of the structure of (a) an as-dealloyed NPC sheet and NPC
sheets annealed at (b) 200, (c) 250, (d) 300, (e) 350, and (f) 400 °C for 10 min.

Figure 8
Cross-sectional BSE images of NPC/Cu joints formed under formic acid atmosphere at (a) 200, (b) 250,
(c)
300, (d)
350, and (e) 400 °C. (f) Porosity of NPC layers.
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Figure 9
(a) HRTEM image of the interface of NPC/Cu joints formed under formic acid atmosphere at 350 °C. (b)
Inset shows fast Fourier transform of the NPC layer. (c) Inverse Fourier-filtered image of square area
marked in (a) shows the presence of edge dislocations in the NPC layer.

Figure 10
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SEM images of the fracture morphologies of NPC/Cu joints formed under formic acid atmosphere at (a)
200, (b) 250, (c) 300, (d) 350, and (e) 400 °C. The arrows indicate dimples caused by plastic deformation.
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