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The mechanical properties of diffusion bonded joints embodied from 29 different kinds of alloys obtained
from experiments (37 specimens) or literature (194 specimens) were analyzed and compared with their
corresponding base alloys. The results indicated that toughness was most sensitive to the bonding quality as
only 7.8% of the joints had a relative (ratio between the joint value and base alloy value) impact toughness
of higher than 0.9, where the percentage of joints with a relative elongation (area reduction) and a tensile
strength of higher than 0.9 was approximately only 21.9% and 48.4%, respectively. The fatigue and high-
temperature mechanical properties of joints were significantly lower than those of the base alloys.
Microstructure analysis revealed that this characteristic of ‘‘high strength–low toughness’’ resulted from
defects of the joint, which included not only the widely accepted interfacial void defects but also the defects
of the bond line and the crystallographic mismatch. Among these defects, the bond line primarily dispersed
the plasticity and toughness of the joint. If the bond line was removed by post-bonding heat treatments or
by insertion of an interlayer, the joint mechanical properties, particularly toughness, could potentially reach
the value shown by the base alloy that had undergone the same heating process.
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1. Introduction

Diffusion bonding is a precision solid welding method,
which is employed in the high-tech manufacturing industry to
fabricate complex and key structures, such as the hollow engine
blades for aerospace applications (Ref 1,2), as well as the first
wall and cooling plates for nuclear power generation (Ref 3,4).
In 1964, Aerojet developed the platelet technology based on
diffusion bonding to fabricate monolithic structures containing
complex flow passages (Ref 5). This technology is used in solid
additive manufacturing, i.e., laminated object manufacturing
via diffusion bonding (LOM-DB), which consists of two steps:
Firstly, metal sheets are chemically etched to form layered
structures with completely and/or partially etched patterns, and
these layered structures are then precisely stacked in a
predetermined sequence and diffusion bonded together. LOM-
DB was initially used in aerospace applications to produce
structures comprising various features such as intricate inner
manifolds, cooling passages, filters, precise metering orifices,
and injector elements. (Ref 6-8). The development of computer-
aided design/manufacturing has undoubtedly reduced the

overall cost of LOM-DB. Thus, this technology has been
extensively adopted by many manufacturing companies (Ref
5,9-12), since it is an exceptional method for fabricating
structures with inner passages. LOM-DB significantly pro-
moted the application of diffusion bonding to precisely form
more complex structures that were used in extreme environ-
ments, which included the sodium/CO2 intermediate heat
exchanger that was used for next-generation nuclear plants
(Ref 9) and the high-temperature and pressure microchannel
heat exchanger used for supercritical CO2 Brayton cycles (Ref
9,11) or gas turbines (Ref 12). It is essential to completely
understand the common mechanical properties of diffusion
bonded joints and their corresponding microstructure features,
which is not only the basis for evaluating the reliability of
diffusion bonded structures, but also an important step for
further broadening the applications of diffusion bonding,
especially for LOM-DB. In other words, the mechanical
properties of diffusion bonded joints depend upon their
microstructural characteristics. In general, three types of
microstructural features are observed in the interfacial area of
diffusion bonded joints, which include interfacial microvoids,
bond line, and crystallographic mismatch. If microvoids are
present in the interface, the strength, elongation, and impact
toughness of joints cannot be comparable to the base metal (Ref
13,14). Moreover, the precipitated phases such as oxides and
carbides, along the joint, affect the mechanical properties of
joints, especially the toughness; these phases were altered with
bonding parameters (Ref 10,15-17). As for the crystallographic
mismatch, it reduced the joint plasticity, high-temperature
endurance performance (Ref 18), and fatigue performance (Ref
19).

In this study, the statistical method for the analysis of the
mechanical properties of joints is represented in ‘‘Method of
Joint Property Evaluation’’ section; further, the common
features of these mechanical properties are analyzed in
‘‘Common Features of the Joint Mechanical Properties’’
section, and their corresponding microstructural features are
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discussed in ‘‘Microstructure Features of Diffusion Bonded
Joints’’ section. Moreover, the improvement in these mechan-
ical properties has been addressed in ‘‘Improvement of the Joint
Mechanical Properties’’ section, and finally, the conclusion is
provided in ‘‘Conclusions’’ section.

2. Method of Joint Property Evaluation

The sample space consists of 231 diffusion bonded joints
(37 joints formed by our experiments and 194 joints collected
from literature) produced by 29 different kinds of alloys (9
main categories), as shown in Table 1. But each of the joints is
formed by the same alloy. Heterogeneous joints are not
included in this study.

The mechanical property analysis mainly focused on tensile
strength, elongation (or area reduction), and impact toughness
at room temperature. The data associated with fatigue and high-
temperature properties, although limited, were also analyzed. In
order to extract the common features of diffusion bonded joints,
the properties of each joint were represented by a relative
property that is the ratio between the property of joint and that
of the received base alloy. Table 1 lists the types and
mechanical properties of the base alloy.

Using 231 samples, 37 joints were formed by our diffusion
bonding experiments, which included 316L stainless steel (SN:
91-101), S136 mold steel (SN: 166-178), and TC4 titanium
alloy (SN: 104-116). All of the diffusion bonding specimens
were 35 mm in height and 45 mm in diameter. Acid pickling of
the surfaces was done followed by ultrasonic cleaning in acid.
The diffusion bonding processes were then performed in a
vacuum furnace having vacuum £ 5910�3 Pa. The
microstructure of the joints was observed by a scanning
electron microscope (SEM, FEI Nova) equipped with an

electron backscatter diffraction (EBSD) system. Meanwhile, the
bonded ratio was measured by the software Image-Pro Plus 6.0
according to the SEM images of joints. Equation (1) shows
how to calculate the bonded ratio.

g ¼
Xn

i¼1

Li=L

 !
� 100% ¼ 1�

Xm

j¼1

Lvoidj=L

 !
� 100%

ðEq 1Þ

The tensile specimens were machined according to the
national standards of China GB/T 228.1-2010, and three tensile
samples were measured for each bonding condition. Figure 1
shows the sampling locations and geometries of samples. The
tensile test was performed using Instron 3382 with an initial
strain rate of 1 mm min�1.

3. Common Features of the Joint Mechanical
Properties

Figure 2 shows the relative mechanical properties of 231
joints, which illustrates the distribution of normalized proper-
ties, i.e., relative tensile or shear strength (RTS or RSS), relative
elongation (RE), relative area reduction (RAR), and relative
impact energy (RIE). It indicates that strengths of diffusion
bonded joints are generally satisfactory. Most of the strengths,
i.e., RTS (or RSS), have values higher than 60%, the majority
of which are around 100%, especially for reduced activation F/
M steel and titanium alloy. But the RTS (or RSS) of
intermetallic compound, Al, or Mg alloys barely reaches
100%. The plasticity, i.e., RE or RAR, is more dispersed than
RTS (or RSS) that can be found not only at 100% but also at
0%. The RE or RAR values of ODS steel, intermetallic

Table 1 The types and mechanical properties of base alloy

Main category Type, Specimen number (SN) and mechanical properties

Superalloy Inconel 617[(SN = 1, rb = 770, d = 60) (Ref 10); (SN = 2, rb = 755, d = 56) (Ref 20); (SN = 3-8, rb = 787, d = 67)
(Ref 21)]; Haynes 230 (SN = 9-12, rb = 869, d = 63) (Ref 21); Hastelloy C-22 (SN = 13-22, rb = 843, KV= 13.7) (Ref
14); SU263 (SN = 23-26, rb = 950, d = 25) (Ref 15); Inconel 718 (SN = 27-42, rb = 1210, KV= 50) (Ref 16)

Reduced activation F/
M steel

MANET-II (SN = 43-53, rb = 725, d = 15.4, KV= 5.5) (Ref 22); OPTIFER-IV (SN = 54-60, KV= 9) (Ref 22); CLAM
steel (SN = 61-72, rb = 640 (SN = 61-67), rb = 751.5(SN = 68-72), d = 28, w = 72.5, KV= 250) (Ref 23,24); F82H
(SN = 73-76, rb = 678, d = 15.4, KV= 12) (Ref 25); F82H (SN = 77-78, rb = 644, d = 25, w = 78, KV= 108) (Ref
26); EUROFER (SN = 79-82, KV= 9.47) (Ref 27)

Stainless steel 316L ((SN = 83-88, rb = 515, d = 60, KV= 103) (Ref 28), (SN = 89-90, rb = 550, w = 28) (Ref 29), (SN = 91-101,
rb = 640, d = 73.8, KV= 280); 304 (SN = 102, rb = 584, d = 32.6, KV= 76.3) (Ref 30); 22Cr duplex (SN = 103,
rb = 767.7, d = 44, KV= 294.3) (Ref 31); S136 (SN = 104-116, rb = 1360, d = 7.8)

Cast iron FCD37 (SN = 117-127, KV= 20) (Ref 17)
ODS steel MA 956 (SN = 128-133, rb = 800, w = 27.1) (Ref 32); PM2000 (SN = 134-137, KV= 0.12) (Ref 33)
Titanium alloy IMI834 (SN = 138-145, rb = 1029, d = 16, KV= 5.4) (Ref 34); TC4 (SN = 146-160, KV= 22.5) (Ref 35); TC4

(SN = 161-165, rb = 1039, d = 20.5) (Ref 36); TC4 (SN = 166-178, rb = 948, d = 14.7, KV= 23.3); IMI 550
(SN = 179-181, rb = 1000, KV= 16.1, rh = 570) (Ref 37); IMI 318 (SN = 182, KV= 12.8, rh = 415) (Ref 37)

Intermetallic compound Ti47Al2Cr002Si (SN = 183-190, rb = 602, d = 1.5) (Ref 38); c-TiAl (SN = 191, sb = 476) (Ref 39); Ti45Al5Nb
(SN = 192, rb = 1089.5, d = 3.88) (Ref 18); Ti25Al10Nb (SN = 193-202, sb = 460) (Ref 40)

Al alloy Al2017 (SN = 203-213, rb = 340, d = 12.5, KV= 34.2) (Ref 41); Al7075 (SN = 215-220, rb = 324) (Ref 42); Al-Fe
alloy (SN = 221-224, sb = 106.3) (Ref 43)

Mg alloy AZ31 ((SN = 225-231, sb = 88.7) (Ref 44)
Where rb, sb, d, w, KV are the tensile strength (MPa), shear strength (MPa), elongation (%), area reduction (%), and impact energy (J)
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compound and Al alloy are kept at a low level. Joint toughness,
RIE, is the most highly dispersed property recognized in Fig. 2.
Moreover, majority of RIE values are found to be less than
60%. Several joints, mostly ODS steel joints, have the RIE
values near 100%.

As the data of high-temperature and fatigue properties are
limited, the following analysis mainly focuses on the room-
temperature strength, plasticity, and toughness of joints.
Figure 3 shows the correlation between relative strength (RTS

or RSS), plasticity (RE or RAR), and toughness (RIE) values
along with their corresponding specimen ratios in the 231 joints
investigated.

The quantitative characterization shown in Fig. 3 further
explicates the common features of diffusion bonded joints
shown in Fig. 2(a), i.e., easy strengthening but difficult
toughening. The proportion of specimens is 48.1, 21.7, and
7.83 for 0.9 of RTS (or RSS), RE (or RAR), and RIE,
respectively.

4. Microstructure Features of Diffusion Bonded
Joints

The difference in properties between the diffusion bonded
joints and the corresponding base alloy resulted due to the
differences in their microstructure. Thus, it can be regarded as
the broad-sense defects of the joint, which are categorized into
three types according to their morphologies. These are
interfacial microvoids, bond line, and crystallographic mis-
match. The effects of these three types of defects on the
properties are discussed below.

4.1 Interfacial Microvoids

The interfacial microvoids were produced by asperities of
the surface to be bonded. Its shrinkage was also the main object
characterized in various diffusion bonding models since the
1970s (Ref 14,45-51). Consequently, they were regarded as the
principle defect in diffusion bonding, especially for the
materials that had not precipitated particles or had a certain

Fig. 1 Sampling locations and geometries of the specimens used by tensile test, where BI (the red dashed line) stands for the bonding interface

Fig. 2 Distribution of relative mechanical properties of diffusion bonded joints (ratio between the property of joint and that of the
corresponding base alloy), where SN is the abbreviation of specimen number, and the same as that shown in Table 1

Fig. 3 Correlation between relative property values and its
corresponding specimen ratios in the 231 joints investigated is
shown in Table 1 and Fig. 2
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solid solubility at the bonding temperature, such as titanium
alloys.

The degree of interfacial microvoids shrinkage is usually
expressed by the bonded ratio in engineering. Figure 4(a), (b),
(c), and (d) shows the typical morphology of microvoids in
TC4 joints from our experiments (Ref 52). Before diffusion
bonding, one of the sample surfaces to be bonded was polished
to a roughness of Ra 0.03, and the other was lathed to Ra 0.4,
Ra 0.8, Ra 1.6, and Ra 3.2. The microvoids shrinkage or the
bonded ratio was generally enhanced by the increase in
bonding temperature, pressure, or time.

Figure 4(e) shows the correlation between the bonded ratio
and different mechanical properties of joints bonded at various

conditions (Ref 35, 52, 53). The experimental data in Fig. 4(e)
emerged from different diffusion bonding conditions, the
parameters of which are as follows: bonding temperature:
775-920 �C, bonding pressure: 0.5-10 MPa, bonding time: 5-
120 min, and surface roughness: Ra 0.1-Ra 3.2. It is revealed
that the values of RTS, RE, and RIE increase with bonded ratio.
Nevertheless, RIE is the most sensitive indicator for evaluating
the quality of joint, because the decrease in value of RIE is
relatively more rapid when compared to those of RTS or RE, as
the bonded ratio reduces from 100%. In comparison, RTS is
highly insensitive to the microvoids as its value can easily reach
to the level of base alloy. When the bonded ratio is 80%, the
RTS is found to be at 100%.

Fig. 4 Interfacial microvoids of titanium alloy TC4 joints diffusion bonded at 800 �C under 10 MPa for 15 min with the surface roughness of
(a) Ra 3.2, (b) Ra 1.6, (c) Ra 0.8, and (d) Ra 0.4; and (e) the correlation between the bonded ratio of TC4 joint and its relative properties (Ref
52)
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4.2 Bond Line

Bond line is a discernible line located at the original bonding
interface. Although its existence has been reported in some
studies (Ref 10,20-22,34), its effects on joint properties have
rarely been reported.

Bond line is generally found in two types of alloys: the first
where the alloys form precipitates on grain boundaries at high
temperatures, such as 316L stainless steel, low activation
martensitic (LAM) steel used in nuclear energy system and
nickel-based superalloys. When these alloys are diffusion
bonded, the precipitates are easily formed at the bonding
interface because they have more vacancies than grain bound-
aries. These interfacial precipitations could pin grain bound-
aries and retard the grain growth across the initial bonding
interface, subsequently, a bond line constituted by the interfa-
cial precipitation particles and pinned grain boundaries
appeared at the original bonding interface. The second type is
one where the alloys could rapidly react with oxygen at room
temperature and form a compact surface oxide film which is
stable even at high temperatures, such as aluminum alloys. The
oxide film was barely removed by the pre-bonding cleaning or
heating in vacuum, thus transforming it into a bond line.

Figure 5 shows the bond line present in the joint of 316L
stainless steel (see Fig. 5a and b) and the correlation between
the bonded ratio and mechanical properties of the joint (see
Fig. 5c). The joint shown in Fig. 5(a) and (b) was bonded at
1000 �C under 10 MPa for 60 min. Figure 5(c) brings together
bonded ratio and mechanical properties of joints under different
conditions, the parameters of which are as follows: bonding

temperature: 950-1100 �C, bonding pressure: 5-20 MPa, bond-
ing time: 30-120 min, and surface roughness: Ra 0.1-Ra 3.2.
Figure 5(a) indicates that bond line and microvoids can
simultaneously appear at the bonding interface. However, the
removal of bond line is more difficult than that of microvoids;
thus, even when the bonded ratio reaches 100%, the bond line
still exists, as shown in Fig. 5(b). The formation of the bond
line in 316L stainless steel joint may have resulted from the
precipitates of the chromium carbides (M23C6), laves phase (g),
and r-phase (Fe-Cr). In a similar study, where 316L stainless
steel was aged at a high temperature, Sahlaoui and Sidhom (Ref
54) pointed out that these precipitates tend to form at grain
boundaries. The comparison between Fig. 4(e) and 5(c)
indicates that the 316L stainless steel joints present a similar
tendency to the TC4 joints, i.e., RTS, RE, and RIE increase
with the increase in bonded ratio. However, due to the existence
of bond line, the increase in RIE with bonded ratio is
comparatively slower in Fig. 5(c), where RIE is significantly
lower than 100% even when the bonded ratio reaches 100%.

LAM steel is a group (7-9) Cr-(1-2) W-0.2 V-0.07 Ta-0.1 C
steels which is generally used in nuclear energy systems due to
its good irradiation and corrosion resistant performance as well
as excellent mechanical properties at elevated temperatures.
When LAM steel is heated to high temperatures, carbides of
M23C6 and MC would precipitate at the grain boundaries (Ref
56,57). The precipitation of grain boundary carbide, though
being a critical aspect in high-temperature properties of steels,
could induce bond line during diffusion bonding (Ref 22-24).
This characteristic of LAM steel is similar to that of the nickel-

Fig. 5 Morphology of the bond line in the 316L stainless steel joint bonded at 1000 �C under 10 MPa for 60 min with the surface roughness
of (a) Ra 3.6 or (b) Ra 0.8 and (c) the correlation between the bonded ratio of the 316L stainless steel joint and its relative properties (Ref 55)
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based superalloys; thus, the bond line constituted by carbide
precipitates and grain boundaries could also be found in
superalloy joints (Ref 10,14,16,21).

Figure 6 further illuminates the effects of bond line on
mechanical properties by demonstrating the relationships
between strength (RTS) and plasticity or toughness (RE or
RIE) for LAM steel joints (see Fig. 6a) and the nickel-based
superalloy joints (see Fig. 6b). Figure 6 reveals two features.
Firstly, the distributions of RE and RIE are scattered when RTS
is around 100%. Secondly, RE is usually higher than RIE at the
same RTS; moreover, most of the RIE values are less than 50%.

4.3 Crystallographic Mismatch

The defect of crystallographic mismatch, although rarely
perceived and mentioned in the field of diffusion bonding
research, generally impaired the joint properties. Crystallo-
graphic mismatch firstly refers to the significant grain size
differences between the region near the bonding interface (i.e.,
interface region) and the region far from the bonding interface
(i.e., base region). For the joint diffusion bonded at low
temperature under high pressure, recrystallization occurs in the
contact area of the joint without s grain coarsening, where the
grain size is less than that of base metal. The Hall–Petch
relationship (Ref 58,59) shows that the yield stress is related to
the grain size. The differences in grain size result in different
yield stresses, which will cause the stress concentration and
strain concentration at welded zone. Besides, the second
meaning of crystallographic mismatch is the different lattice
structure between the interface of joints and the base region,
when the material is diffusion bonded by insertion of interlayer,
especially in single crystal material such as single crystal
superalloy. The polycrystalline interlayer has similar composi-
tion to single crystal base material. They show different
responses behaviors during the same load, which will lead to
stress concentration and strain concentration at welded zone.
This type of mismatch will deteriorate the mechanical proper-
ties of the joint, especially in plasticity and toughness.

The crystallographic mismatch induced by grain size
difference has adverse effects on joint properties. Figure 7
shows the microstructure of a tough pitch copper (99.9 wt. %)
joint, which was diffusion bonded under 100 MPa at 400 �C
for 60 min. Since the bonding temperature was less than the
temperature [about 500 �C (Ref 60)] at which the grain growth

would be significant, the fine recrystallized grains (see Fig. 7a
and b) and twin boundaries (see Fig. 7c and e) were produced
around the bonding interface (marked in Fig. 7 as BI), and the
diameter of recrystallized grains was only 1-7.5 lm (see
Fig. 7d), which was 1-2 order of magnitude less than the grain
diameter of the base metal (50-500 lm). Because the stacking
fault energy of copper was relatively low, twin boundaries
tended to occur in recrystallization grains during recrystalliza-
tion annealing (Ref 61). Compared with traditional high-angle
grain boundaries, twin boundaries had lower energy and
generally showed high thermal and mechanical stability (Ref
62). The existence of twins could reduce dislocation mean free
path, which led to the decrease in strength and the increase in
plasticity. Furthermore, Fig. 7(a) shows the structure gradient
between the interface area with fine crystal formed by
recrystallization and the base metal with the relatively coarse
crystal. Compared with the uniform deformation of the block
material, stress concentration was formed at the interface during
the tensile loading. Therefore, the elongation of the joint was
only 23% that of the base metal, although the tensile strength of
the joint (256.2 MPa) reached 98% that of the base metal.

5. Improvement of the Joint Mechanical Proper-
ties

Joint properties can be improved by the elimination or
reduction of defects such as interfacial microvoids, bond line,
and crystallographic mismatch.

However, only the elimination of interfacial microvoids has
been intensively studied (Ref 14,45-51), which demonstrated
that microvoid closure was enhanced by optimization of the
processing parameters and decrease in the surface roughness.

The elimination of bond line can be conducted by the
following two methods.

The first is the post-bond heat treatment. Sah et al. (Ref 21)
found that the bond line in the Alloy 617 or Haynes 230 joint
could partially be removed by post-bond heat treatments. This
resulted in the increase in tensile strength and elongation of
joints to a certain extent. Nevertheless, in most situations, the
interfacial precipitates, the main factor for the formation of
bond line, could not be removed completely by post-bond heat
treatment. Subsequently, the recrystallized grain across the

Fig. 6 Scattered distributions of the RE (or RIE) in the high RTS range presented by (a) the LAM steel joint and (b) nickel-based superalloy
joint, which is mainly resulted from the existence of bond line
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bonding interface was still retarded by the residual precipitates;
thus, the elimination of bond line produced by post-bond heat
treatment was rather limited. Comparatively, it exhibited more
effects than to insert an interlayer which could suppress the
formation of interfacial precipitates.

The second is insertion of the interlayer, which can suppress
the formation of interfacial precipitates. Figure 8 shows the
joints of GH4099 alloy that is a precipitation-hardened nickel-
based superalloy developed by China, whose composition is
similar to Russia�s "G693. In the joint directly diffusion bonded

under 10 MPa at 1120 �C for 60 min (see Fig. 8a), the bond
line constituted by interfacial microvoids and precipitates
(M23C6) can be easily detected, and thus, the mechanical
properties of this directly bonded joint were extremely poor, to
an extent that it broke during the machining process. In
contrast, the joint bonded with a 2-lm thick pure Ni interlayer
(see Fig. 8b) had a bond line that almost disappeared, because
the formation of interfacial precipitates of M23C6 was sup-
pressed by the certain solid solubility of carbon in nickel at
high temperatures (about 0.25 wt. % at 1120-1160 �C) (Ref

Fig. 7 Crystallographic mismatch presented by the copper joint, (a) the interfacial microstructure of joints, (b) the recrystallized grains around
the bonding interface (i.e., BI) and (c) twin boundaries in the cross-sectional electron backscatter diffraction (EBSD) inverse-pole figure (IPF)
map, (d) the distribution of the recrystallized grains around the bonding interface, and (e) the misorientation angle distribution of the joint

Fig. 8 SEM images of (a) the bond line in directly bonded GH4099 joint and (b) the recrystallized grains across the bonding interface in the
GH4099 joint bonded with 2-lm thick Ni interlayer, and (c) the relationship between the RTS and RIE (or RIESH) presented by GH4099 joints
bonded with Ni interlayer (Ref 64)
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63). After that, there were no precipitates that could retard the
growth of recrystallized grain across the bonding interface, as
indicated in Fig. 8(b). However, the bond line in GH4099 joint
was removed by the insertion of pure Ni interlayer. Figure 8(c)
shows the relationship between RIE and RTS, which is quite
different from the scattered distribution of RTS due to the
existence of bond line, as shown in Fig. 6. The joints shown in
Fig. 8(c) were bonded at 1200-1600 �C under 4-10 MPa for
60-120 min with a 2-20-lm thick Ni interlayer (Ref 64).
Moreover, the beneficial effects of bond line elimination can be
more clearly demonstrated by the monotonical increase in
RIESH with RTS shown in Fig. 8(c), where RIESH is the ratio
between impact energy of the joint and that of the base alloy
undergoing the same heating process. The highest value
reached by RIESH is 96%. This phenomenon suggests that
the microstructure of a joint can be very similar to that of the
base alloy undergoing the same heating process, and the RIE
value decreases as RTS increases from 100 to 120%, which
results from the microstructure degradation produced by the
heating process of grain coarsening.

Elimination of the bond line can also be done by changing
the surface treatment or preventing the dissolution of interfacial
oxides at the joint that could rapidly react with oxygen at room
temperature and form a compact surface oxide film which is
stable even at high temperatures, such as aluminum alloy.
Measures for reducing the influence of surface oxide include
increasing the plastic deformation at the interface (Ref 65,66),
adding active metal (Mg, Zn, Li, Ge, etc.) as an interlayer
which can react with oxide film (Ref 67-69), using argon ion
beam to remove the oxide film for creating a clean surface (Ref
70), and coating organic solution on the welding surface to
shield the bonding surface right after the cleaning (Ref 71-73).
For diffusion bonding, ethanol (Ref 71), acetone, styrene
(C6H5-CH=CH2), polyvinyl benzene (Ref 72), and ethylene
glycol monomethyl ether (HO-CH2-CH2-O-CH3) (Ref 73)
have been reported to protect the aluminum surface from
secondary oxidation. Furthermore, in our previous study, a self-
assembled monolayer (1-hexyl mercaptan) was used on alu-
minum surfaces to prevent the secondary oxidation after pre-
bonding treatment (Ref 74). Three different pre-bonding
surface treatments were employed in the diffusion bonding
joint of AA6063/AA6063, which were as-cleaned, ethanol
adsorbed and self-assembled monolayer passivated. These three
types of joints with bond ratios of 64.1, 84.7, and 97.4%
showed the corresponding joint strengths of 129.2, 147.8, and
165.2 MPa, respectively. Furthermore, the surface passivated
by self-assembled monolayer had very few voids at the bonding
interface. The joint had a bond ratio of 97.4% along with an
elongation of 20.4% which is very close to that of the base
metal and is considered as an equal-strength bonding.

The method for eliminating crystallographic mismatch has
rarely been reported since very little attention is paid to it in the
traditional study of diffusion bonding; thus, future studies
should focus on removal of the crystallographic mismatch to
further increase and strengthen the properties of the joint,
especially those used under dynamic and/or high-temperature
loading.

For better evaluation, the influencing degree of these three
types of interfacial characteristics on mechanical properties of
diffusion bonding joints is summarized in Table 2, which
shows that tensile strength of diffusion bonding joints is not
sensitive to interfacial microvoids and bond line, while the
crystallographic mismatch almost has no effect on tensile
strength. Nevertheless, the elongation (or area reduction) is
more sensitive to these types of microstructure features as
compared to tensile strength. At the same time, it can be
observed that impact toughness is the most sensitive indicator
for evaluation of joints� quality since it is highly perceptive
toward interfacial microvoids, bond line, and crystallographic
mismatch. Figures 2, 4(e), 5(c) and 6 explain that when the
bonded ratio is 80%, RTS is already 100%. When the bonded
ratio increases to 100%, RIE reaches 90% as shown in Fig. 4.
However, due to the existence of bond line, even though RTS
reaches 100%, RIE is significantly lower than 100% (i.e., 30-
50%) as shown in Fig. 5. Therefore, the impact toughness is
more sensitive to bond line as compared to interfacial
microvoids and crystallographic mismatch. Furthermore, with
heat treatment or by application of an interlayer, the RIESH

(ratio between impact energy of the joint and that of the base
alloy undergoing the same heating process) value increases
from 90 to 96% as the RTS increases from 100 to 120% (see
Fig. 8). This indicates that the elimination of bond line can
significantly improve the joint toughness.

6. Conclusions

The common features of the mechanical properties of
diffusion bonded joints and their corresponding microstructure
features were analyzed by the normalization of the properties of
29 types of alloys which were joined by diffusion bonding (231
specimens). The following conclusions were drawn:

(1) The tensile (or shear) strength of the joint was easily
able to attain the same value as that exhibited by the
base alloy, where the ductility (i.e., elongation or area
reduction) and toughness of the joint were significantly
lower than those of the base alloy on several occasions.

(2) The microstructural difference between the joints and
the base alloys was found to be the main reason for the

Table 2 The influencing degree of microstructure features on mechanical properties of diffusion bonding joints

Tensile strength Elongation (or area reduction) Impact toughness

Interfacial microvoids s ss sss

Bond line s ss ssss

Crystallographic mismatch 9 ss sss

Where the degree of influence on the mechanical properties is expressed by different symbols; 9 means no influence, s means the minimum degree
of influence and ssss means the maximum degree of influence

3284—Volume 29(5) May 2020 Journal of Materials Engineering and Performance



relatively lower properties of the joint; based on this dif-
ference, the joint defects were classified into three types,
i.e., interfacial microvoids, bond line, and crystallo-
graphic mismatch.

(3) The interfacial microvoids had a greater effect on the
joint ductility or toughness than on the joint strength.
Moreover, when the microvoids were completely elimi-
nated (i.e., 100% bonded ration), the joint elongation
and impact energy attained approximately equal values
as those of the base alloy.

(4) The existence of the bond line significantly decreased
the joint ductility and toughness; however, it did not af-
fect the joint strength and led to a scattering of the dis-
tributions of the joint elongation and impact energy.
Furthermore, the impact energy of the joint barely
reached the level of the base alloy, even when the
bonded ratio or RTS was approximately 100%.
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22. K. Schleisiek, T. Lechler, L. Schäfer, and P. Weimar, Diffusion welding
parameters and mechanical properties of martensitic chromium steels,
J. Nucl. Mater., 2000, 283–287, p 1196–1200

23. C. Li, Q. Huang, P. Zhang, and F.D.S. Team, Preliminary experimental
study on Hot Isostatic Pressing diffusion bonding for CLAM/CLAM,
Fusion Eng. Des., 2007, 82, p 2627–2633

24. C. Li, Q. Huang, and P. Zhang, Effect of surface preparation on
CLAM/CLAM hot isostatic pressing diffusion bonding joints, J. Nucl.
Mater., 2009, 386–388, p 550–552

25. K. Furuya, E. Wakai, M. Ando, T. Sawai, A. Iwabuchi, K. Nakamura,
and H. Takeuchia, Tensile and impact properties of F82H steel applied
to HIP-bond fusion blanket structures, Fusion Eng. Des., 2003, 69, p
385–389

26. T. Hirose, K. Shiba, M. Ando, M. Enoeda, and M. Akiba, Joining
technologies of reduced activation ferritic/martensitic steel for blanket
fabrication, Fusion Eng, Des., 2006, 81, p 645–651

27. A.V.D. Weth, H. Kempe, J. Aktaa, and B. Dafferner, Optimization of
the EUROFER uniaxial diffusion weld, J. Nucl. Mater., 2007, 367–
370, p 1203–1207

28. Z.L. An, W.L. Luan, F.Z. Xuan, and S.T. Tu, High temperature
performance of 316L-SS joint produced by diffusion bonding, Key
Eng. Mater., 2005, 297–300, p 2795–2799

29. S. Li, F. Xuan, and S. Tu, Fatigue damage of stainless steel diffusion-
bonded joints, Mater. Sci. Eng. A Struct., 2008, 480, p 125–129

30. M.J. Cox, R.W. Carpenter, and M.J. Kim, Interface nanochemistry
effects on stainless steel diffusion bonding, Metall. Mater. Trans. A,
2002, 33, p 437–442

31. X. Li, Development and qualification of diffusion bonding procedures
for microchannel heat exchangers, in ASME 31st International
Conference on Ocean, Offshore and Arctic Engineering, 2012

32. Z. Guoge and R.S. Chandel, Solid state diffusion bonding of Incoloy
MA 956 to itself, J. Mater. Sci., 2003, 22, p 1693–1695

33. W. Sittel, W.W. Basuki, and J. Aktaa, Diffusion bonding of the oxide
dispersion strengthened steel PM2000, J. Nucl. Mater., 2013, 443, p
78–83

34. A. Wisbey and P.G. Partridge, Diffusion bonding of high temperature
titanium alloy IMI, 834,Mater. Sci. Technol. Lond., 1993, 9, p 441–444
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