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A B S T R A C T

Brazed alloys between cubic boron nitride (cBN) grits and matrix extremely affect the service life of the grinding
wheel. The aim of this study was to investigate the addition of elemental Zr to improve the connection effect of
alloys. The plates of pure titanium (Ti) Gr. 1 and AISI 1045 steel had been applied to conduct the welding-
brazing experiments with active brazing alloys of AgCu28-4.5Ti and AgCu28-4.5Ti-4Zr. Brazing alloys was heated
with an Nd:YAG pulsed laser welding-brazing system under inert argon gas atmosphere. Transition zones be-
tween the brazed alloys and matrices were investigated with scanning electron microscope (SEM), energy dis-
persion spectrometer (EDS), and X-ray diffraction (XRD) analyses. In addition, hardness of the brazed layer was
analyzed as well as tribology. The results showed that the active element, zirconium (Zr), significantly ac-
celerated the bidirectional diffusion and improved the gradient evolution of the main elements in the transition
zones. Compared to Zr-free brazing alloys, the active element, Zr, inhibited the overproduction of the hard-
brittle phase of Cu3Ti and formed other intermetallic compounds, such as AgZr2 and Cu10Zr7, which were
beneficial to the metallurgical joint. A brazed layer with a lower friction coefficient, a more uniform hardness
distribution, and better ductility was obtained, though the wear resistance slightly decreased. A solid solution
product of Zr-Cu was formed during laser welding-brazing process, which strengthens the brazed layer and
improves its overall performance.

1. Introduction

Due to excellent physicochemical properties, such as having high
hardness, thermal stability, superior thermal conductivity, corrosion
resistance, and the wear resistance [1–3], cubic boron nitride (cBN)
grinding wheels are becoming one of the most potential tools in modern
engineering applications. However, some practical problems have be-
come increasingly obvious with the wide application of super-abrasive
cBN tools.

The metallurgical incompatibility and physical mismatch between
abrasive particles and metal matrices [4] are the main problems of this
technology. One way to circumvent these is to first coat a thin metal
layer on the surface of the cBN abrasive particles and then connects
them with the substrate under the action of brazing alloys. Therefore, a
study of the coated cBN and its metal matrix is essentially transformed
into an investigation of the connection of dissimilar materials. In fact,

the joining of dissimilar materials is a challenging task that modern
manufacturers have to face [5,6]. Some unsolved issues remain, in
particular, the degradation of mechanical properties that mainly result
from the thermal stress in the joint field and the formation of brittle
intermetallic phases in the joining process. For example, the thermal
joining of aluminum (Al) and titanium (Ti) has a metallurgical chal-
lenge due to the unavoidable formation of brittle intermetallic com-
pounds [7,8]. Meco et al. [9] found that the number of intermetallic
phases determined the joint strength in the joining of structural steel to
Al alloy. In order to minimize the formation of brittle intermetallic
phases, some studies had proposed and demonstrated a variety of ap-
proaches. Elrefaey et al. [10] indicated that the intermediate materials
play a dominating role in joining steel alloys to Ti, as they inhibit the
brittle intermetallic compounds and thus accommodate the chemical
compatibilities between Ti and steel alloys. Lee et al. [11] obtained a
strong bonding joint of Ti Gr. 2 (ASTM grade 2) to stainless steel STS
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using an engineered interlayer structure. The results showed that sui-
table supplementary composite brazing alloys containing at least two
layers of different elements were needed. Silver (Ag) and its alloys are
widely applied as interlayers in the diffusion bonding of Ti and different
type of steels. Atasoy et al. [12] investigated the joining of pure Ti to
low-carbon steel using an Ag interlayer and they found that Ag cannot
form a brittle intermetallic layer with the main elements in steel. Shen
et al. [13] determined that although a Ti-Ag phase was formed at the
connection interface, it was not as brittle as many other Ti-based in-
termetallics and it had considerable ductility. Zhang et al. [14] de-
termined that using copper (Cu) as an interlayer can greatly reduce
amounts of the Ti-Fe intermetallic material and subsequently realize the
effective combination between Ti alloys and stainless steel. Ding et al.
[15] studied a kind of active brazing alloy, Ag-Cu-Ti, and obtained
bonding joints due to good wettability of the alloy and using an ap-
propriated brazing temperature. Xiao et al. [16] studied the effects of
zirconium (Zr) addition on the microstructure and properties of Cu-Ag-
Ti alloys. The results indicate that adding Zr to this alloy can decrease
the amount and size of the acicular phase Cu3Ti, and the oxidation
resistance of the Cu50Ag46-xZrxTi4 alloys was much better than the al-
loys without Zr. Furthermore, Zr had a more negative Gibbs free energy
than Ti.

Likewise, thermal-stress mismatch is another factor that restricts
joining. Some researchers have focused on joining dissimilar materials
by different methods, such as solid-state [17,18], reactive wetting
[19,20] and friction stir welding joining processes [21]. However, these
methods are not suitable for joining tailored blanks such as cBN tools
due to the limitations of special joint configuration or whole heating.
Dezellus et al. [22] demonstrated that lowering the brazing tempera-
ture was the key to limiting the effect of mismatch between the coef-
ficients of thermal expansion of joining metals. As a heat source in
materials processing, laser welding-brazing technologies have good
characteristics for dissimilar joining, such as high energy density, rapid
heating-cooling velocity, and accessibility to the heating zone [23,24],
lowering the brazing temperature, restraining the damage to the ma-
trices because of a smaller heating area [25]. In addition, the laser
welding-brazing method to attach metallurgical non-fitting partners to
each other can also effetely suppress the growth of brittle intermetallic
compounds [26], which leads to desirable mechanical properties
[27,28].

The wear of brazed alloys between abrasive particles and the matrix
is another important factor affecting the service life of cBN tools in
application [29]. A brazed grinding wheel has a larger inter-grit chip-
accommodation volume [30,31] because the average crystal exposure
from the bond level is 70–80% of the grit height [32]. Thus, large
amounts of grinding debris are filling in the gap of the grinding grains
due to the limitation of grinding area. Friction and extrusion happen
repeatedly among the grinding debris and brazed alloys. Plastic de-
formation then occurs and is associated with the formation of surface
and subsurface micro- and macro-cracks due to the high grinding
temperature [33]. These will aggravate the wear of the brazed layer and
lead to the final drop of the abrasive grains. While, Most of the previous
studies on tribological properties focused on the friction and wear be-
havior of cBN abrasives grits after brazing. Ding et al. [15] studied the
wear behavior of Ag-Cu/Ti active brazing alloys joining cBN abrasives
with medium-carbon steel, and the results evidently suggested that the
joining between cBN abrasive grains and Ag-Cu/Ti powder is stronger
than the own strength of the molten filler alloy. Bhaduri et al. [34]
studied the tribological behavior of TiN and MoS2-Ti composite coating
for enhancing the performance of monolayer cBN grinding wheels. The
results showed that MoS2-Ti composite coating, with a hard TiN un-
derlayer deposited on brazed layers, exhibited better tribological per-
formance in terms of lower coefficients of friction and depth of worn
track. The coating could effectively prevent the breakage and pulling
out of cBN abrasive grains, greatly improve the tool performance. In
addition, Xu et al. [35] and Wang et al. [36] studied the residual

stresses and wear evolution of single-brazed cBN abrasive grit by using
finite element analysis. Zhou et al. [37] further considered the con-
secutive action for two abrasive grains. However, the properties of
brazed alloys were not taken into account, and detailed investigations
on the tribological properties for brazed alloys were scarce in pub-
lications.

In order to reduce the difference of thermal performance among
new hard-brittle phases and substrates, as well Ti-coated cBN particles,
and, ultimately, obtain a metallurgical joint with high wear resistance,
Ti Gr. 1 was used instead of the coated cBN. Using AgCu28-4.5Ti and
AgCu28-4.5Ti-4Zr brazing alloys, the connection between AISI 1045
steel and Ti was investigated in this work. Elemental diffusion behavior
at the fusion zone together with interfacial intermetallic compounds
was studied. The friction and wear behavior of these brazed layers
sliding against GCr15 steel under dry sliding conditions was in-
vestigated as well.

2. Materials and methods

2.1. Materials

Commercially available eutectic AgCu28, TiH2, and ZrH2 (Tianjiu
Metal Materials Co., LTD, Changsha, China, 200–300 mesh, 99.8%
purity) were blended to produce the raw elemental powders. The
powders were mechanically alloyed with a QM-QX 04 all-round pla-
netary ball mill (Nanjing Nanda Instrument Plant. Nanjing, China) in
stainless steel grinding media and the weight ratio of ball-to-powder
was 10:1. The milling time was 24 h, and the alloying process was
performed in the protective atmosphere of dry argon with a rotation
speed of 400 rpm. The powders were taken out for characteristic ana-
lysis. The precursor powders and the as-prepared brazing alloys are
shown in Fig. 1. A1 and A2 denote alloyed powder of AgCu28-4.5Ti and
AgCu28-4.5Ti-4Zr, correspondingly, which could be regarded as active
brazing alloy. The main components, proportion (wt.%), and some
physical parameters of AgCu28-xTi-yZr are given in Table 1.

AISI 1045 steel bars were prepared with a length of 10mm, a width
of 10mm, and a thickness of 2mm, as well as Ti Gr. 1 bars for laser
welding-brazing. The physicochemical properties of two bars are listed
in Table 2. The surface of the bar was ground, polished, and then ul-
trasonically cleaned with acetone.

2.2. Experimental set up and parameters

Brazing alloys were preset on the surface of the matrix specimens
along the welding-brazing direction, as shown in Fig. 2, and were
blended with anhydrous ethanol to avoid the alloy particle falling. The
width of preset alloy layer was slightly less than the diameter of the
laser spot. Consequently, a small amount of laser energy was enough to
realize the connection between the preset layer and matrix. An Nd:YAG
pulsed laser machine was employed in the welding-brazing test, with a
lens focal length of 80mm and a laser spot diameter of 2mm. Argon
(99.99% purity) was used as a shielding gas with a flow rate of 20 L/
min. Based on preliminary experiments, a laser pulse current of 200 A, a
pulse width of 6ms, a pulse frequency of 15 Hz, and a scanning speed of
500mm/min were selected and held constant in this experiment.

After the welding-brazing operation and ultrasonic cleaning of the
brazed surfaces were completed, the specimens were cut normal to the
welding direction to obtain its subsequent cross-section. Microstructure
observations of the specimens at the transition zone were performed
with a VEGA 3 SBH scanning electron microscope (SEM). And the
compositional analyses of the certain phases were detected by using an
Oxford X-ray energy dispersive spectroscopy (EDS) system. An X-ray
diffractometer (XRD) with Cu-K radiation (k=0.154 nm) was used to
identify the phases in the transition zones. Vickers hardness was mea-
sured on the polished surfaces by using a diamond pyramid indenter
under a load of 9.807 N for 15 s by HMV-G micro hardness tester. More
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than five positions were randomly selected for tests under the same
experimental conditions. The tribological tests were carried out on a
CFT-I multi-functional comprehensive performance tester (Zhong Ke
Kai Hua Corporation, Lanzhou, China). In the form of reciprocating
tribotester with a ball-on-plate configuration, and the material of the
grinding ball was GCr15 steel with a diameter of 5mm, a Rockwell
hardness of 63 HRC and the chemical compositions were determined, as
shown in Table 3. The mean value of the sliding speed was 12m/min,
and the normal load was 100 N. The testing time was 30min, and the
sliding stroke was 4mm. All the tests were conducted at least three
times to ensure repeatability.

3. Results and discussion

3.1. Macroscopic feature

Obtained macroscopic features on the top view of the specimens B1
(Matrix: AISI 1045 steel; Brazed alloy: AgCu28-4.5Ti) and B2 (Matrix:
AISI 1045 steel; Brazed alloy: AgCu28-4.5Ti-4Zr) are presented in Fig. 3.
The effective width of the brazed layer on the specimen B1 is consistent
with that of the brazed layer on B2. The brazed layer on B1 seems to be
an asperity surface and the scale-like shapes on the seam can be ob-
viously observed. A large number of granular alloys spattered can also

be found and attach to the welding-brazing seam. It can be explained
that a small amount of incomplete molten powders coerced by the melt
produces the granular alloys and results in decreasing spreading of li-
quid melt in the laser welding-brazing process. Unlike traditional heat
source, such as furnace brazing, flame brazing and induction brazing,
et al., laser heating has the characteristics of the sudden heating and
cooling rate. As the spot irradiates on the powder, heated preset layer
begins to transfer the heat from preset layer to the matrix. Most of the
powders are molten to generate the liquid phase. Some material with
high-melting point, such as Ti, is not enough heated to produce the
liquid-solid two-phase and becomes the incomplete molten powder
after cooling. A little material with low-melting point is burnt and va-
porized. The expansion of the metal from solid to gas breaks the liquid
phase together with the incomplete particles and shapes the granular
alloys spattering around the seam. The detailed morphology of the
particle is given in the magnified picture of Fig. 3 (a). The overall
morphology of the brazed A2 is greatly improved. The scale-like-shape
layer becomes smooth and its depth of superposition among the stripes
appears to be smaller than that of the brazed A1 due to addition of Zr.
Additionally, a small amount spatter can hardly be found on the brazed
layer. The perfect spreading performance of the alloy is realized in the
welding-brazing process, as shown in the magnified picture of Fig. 3
(b). The wettability of brazed A2 to the matrix is improved. And the

Fig. 1. The SEM micrograph of powders: (a) AgCu28; (b) TiH2; (c) ZrH2; (d) A1 (AgCu28-4.5Ti); (e) A2 (AgCu28-4.5Ti-4Zr).

Table 1
Active brazing alloys (A1 and A2) with the nominal composition and some important properties [38].

Code Alloy Nominal composition (wt %) Coefficient of thermal expansion

AgCu28 TiH2 ZrH2

A1 AgCu28-4.5Ti
Ag-Cu(Eutectic)+4.5%TiH2 manually added

95.5 4.5 0 18.5× 10−6 /K

A2 AgCu28-4.5Ti-4Zr
Ag-Cu(Eutectic)+4.5%TiH2+4%ZrH2 manually added

91.5 4.5 4.0 18.2× 10−6 /K
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brazed connection strength would be enhanced. It suggests that the
addition of Zr is a main factor affecting the spreading behavior and
improves prominently the wettability of the AgCu-based brazing alloys.

3.2. Intermetallic reaction layer

The SEM macrographs and micrographs of the welding-brazing in-
terfaces among brazed layers, AISI 1045 steel matrix, and Ti Gr. 1
matrix are shown in Fig. 4. It can be observed that the welding-brazing
connections between two matrices have been achieved. The compact
structure of brazed layers have been generated in the connection zone
and the average minimum thickness is about 1375 μm and 1136 μm,
respectively. As for the brazed seams between two matrices, an obvious
distinction can be measured in the height of brazed alloys A1 and A2. It
is implied that the compactness of A1 after welding-brazing is lower
than that of A2. More uniform structure of the layer and a better
wettability with two types of the matrix could be obtained in the spe-
comen of A2 during the laser brazing process.

As shown in Fig. 4(b) and (f), a belt transition zone at the interface
is formed between A1 and AISI 1045 steel and its width is about 5 μm.
The elements in the transition zone are mainly includes Fe, Ti, Cu and
Ag. Comparing two areas of the brazed layer and the transition area, the
content of elemental Fe presents a large gradient evolution. The content
of Ti in the transition zone is extremely higher than that of in the brazed
layer, also a little bit higher than that of in the subsurface zone. The
results show that a unidirectional diffusion at the interface junction of
A1 and AISI 1045 steel have been occurred from the brazed alloys to the
matrix. The main components in the transition zone have been created
due to a large amount of active elemental Ti being enriched at the in-
terface. Furthermore, some elemental Ti diffused to the subsurface zone
of AISI 1045 steel matrix. These diffusions generated would be bene-
ficial to improving the bonding strength. Combined with the results
shown in Fig. 5(a), the main components of the transition layer are
intermetallic compounds of Cu0.8Fe0.2Ti and Cu40Fe60. Therefore, the
metallurgical-chemical reaction between the alloys and the AISI 1045
steel matrix has been occurred in the welding-brazing process. The
reliable interfacial connection will be obtained.

In Fig. 4(c) and (g), the transition zone with a width of 45–55 μm
can be measured close to the side of the brazed alloys at the interface
between A1 and Ti Gr. 1. It is primarily composed of active elemental Ti
and the basic elements Cu and Ag. In the transition zone, the enrich-
ment effect of the element can be observed obviously. Elemental Ti
rooting in the alloys and the matrix of Ti Gr. 1 forms a continuous
gradient evolution region. The content of Cu in the brazed alloys is also
enriched to the side of Ti Gr. 1. Its content is less than that of Ti and
higher than that of Ag. As a matter of fact, the content of Cu (26.74 wt.
%) is lower than that of Ag (68.76 wt.%), higher than that of Ti (4.5 wt.
%) in A1. In a sense, elemental Ti plays an active role in the transition
zone in the laser welding-brazing process. Depending on the distribu-
tion characteristics of Cu and Ag in Fig. 4 (g), Ti has more affinity to Cu
than to Ag in the brazed alloys. And it is more inclined to react with Cu
elements. The reactants are mainly Cu3Ti compounds in terms of the
XRD test results shown in Fig. 5(a). Because of a large amount of Cu3Ti
compound generated in the transition zone, further reactions between
Ti and Ag elements in the brazed alloys are prevented to some extent.
Therefore, a small quantity of AgTi3 compound has been produced.

Fig. 4 (d) and (e) shows the microstructure of the brazed layer in the
center and near the matrix, respectively. It is mainly consistent with Ag-
Cu phases that dispersed with Cu-Ti particles in the middle part. With
the enrichment of Ti into the transition zone, the content of Ti in the
composition increases near to the matrix, which leads to the increasing
of Ag-Ti compound, and some α-Ag are dissolved in the brazed layer
according to the EDS test results.

As shown in Fig. 4 (i) and (m), a relatively narrow belt transition
zone with a width of 6–10 μm formed at the interface between the
brazed A2 and AISI 1045 steel. Compared to A1, the distribution curves
of the main elements at the transition zone tend to be flat with the
addition of appropriate amounts of Zr, and there is no sharp gradient
evolution. The contents distribution of Fe, Ti, Zr, and Ag illustrates that
the bidirectional diffusion of elements exists in the interface between
the brazed A2 and AISI 1045 matrix. It can be asserted that the com-
bination of AgCu-based active brazing alloys and AISI 1045 steel has
been effectively promoted by Zr. According to the XRD analysis results
shown in Fig. 5 (b), intermetallic compounds are represented by Fe4Cu3
and ZrFe2 formed in the interface transition zone.

It can be seen in Fig. 4 (j) and (n), the transition zone with an ap-
proximate width of 60 μm is formed between the brazed A2 and Ti Gr. 1
interface, and distributed close to the side of the brazed alloy as well.
The elements at the zone are mainly composed of active elemental Ti
and Zr as well as Cu and Ag in accordance with the EDS results. The
active elements of Ti and Zr from the brazed alloys are enriched to the
transition zone, and Ti both from the brazed alloy and Ti Gr. 1 form a
continuous gradient evolution. The distribution of Zr is accumulated in
the transition zone, and its content in this area is slightly lower than
that of Ti, and higher than that of Cu and Ag. Such a phenomenon is
consistent with the elemental content of Zr in brazing alloys as well as
its interfacial enrichment. It is worth noting that the distribution curves

Table 2
The physicochemical properties of the AISI 1045 steel [39] and Ti Gr. 1.

Materials Small amount of composition (%) Melting point (K) Coefficient of thermal expansion(/K)

AISI 1045 steel Fe C P Si Ca Mn Mo Ni Cr W 1808 14.67×10−6

Bal. 0.46 0.03 0.31 0.4 0.65 0.08 0.39 0.04 < 0.01
Ti Gr. 1 Ti C Fe N H O 1941 ± 10 8.36× 10−6

Bal. ≤0.10 ≤0.30 ≤0.05 ≤0.015 ≤0.25

Fig. 2. Schematic diagram of laser welding-brazing.

Table 3
Chemical compositions of GGr15 Steel. (wt.%).

C Si Mn P S Ni Cr Mo Cu

0.95˜1.05 0.15˜0.35 0.20˜0.40 ≤0.027 ≤0.02 ≤0.03 1.3˜1.65 ≤0.10 ≤0.025
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of the active elemental Ti and Zr tend to be smooth, and the gradient
trend appears to be decreased comparing to the transition zone between
the brazed A1 and Ti Gr. 1. This indicates that the metallic compat-
ibility at the interface is improved. And the addition of Zr is beneficial
to promote the metallurgical reaction between the AgCu-based brazing
alloys and Ti Gr. 1, which will lead to a more reliable welding-brazing
connection.

Although still the hard-brittle phase of Cu3Ti existing in A2, the
diffraction intensity is greatly weakened. Diffraction peaks such as
AgZr2 and Cu10Zr7 can be found in the XRD test results, as shown in
Fig. 5(b). It is claimed that the formation of Cu10Zr7 phases could lead
to higher Young's modulus of the composite as well as the ductility
[40]. Additionally, the published [41] stated that the uniform layers are
apt to be produced due to the fusion of intermetallic compound AgZr2
and the surface of brazed layer becomes smooth. Therefore, the addi-
tion of Zr not only inhibited the formation of Cu3Ti in the reaction layer
[16], but also improved the ductility of the brazed layer and smoothed
the surface. The solid solution (Zr, Cu) is also detected in the products
of A2 and could cause a solution-strengthen effect on the brazed layer,
which helps improve the mechanical properties of the material. Al-
though very small amounts Ti-Ag phases were detected, it has been
reported that these phases are considerably ductile rather than brittle as
the major phases of Ti-based intermetallic compound [42]. In addition,
an intermetallic compound of AgCu4Zr was not detected in the pro-
ducts. It is stated that this type of compound could enhance wear re-
sistance [43]. A complex connection mechanism must be occurred
during the laser welding-brazing process, such as phase transition,
diffusion and reaction among the various elements, et al.

The microstructures of the brazed layer close to the matrix and in
the central part are also shown in Fig. 4(k) and (l), respectively. The
compositions are different from that of A1, especially in the central
part. The size of the dispersed phase is increased in the structure of the
brazed alloy. Combined with the results of EDS and XRD analysis, it can
be concluded that part of Cu3Ti in the layer is replaced by the newly
formed Zr-containing phases.

3.3. Micro vickers hardness

The micro Vickers hardness of the two specimens welding-brazing
with brazing alloys A1 and A2 in the same condition have been

obtained, as shown in Fig. 6. For specimen B1, the mean value and
maximum value of Vickers hardness have been monitored in five tests,
which they are 505.4 N/mm2 and 594 N/mm2, respectively. And for
specimen B2, the values are 461 N/mm2 and 482 N/mm2. It can be
deduced from comparison results that the mean hardness value of
specimen B1 is 44.4 N/mm2 higher than that of specimen B2. The
overall hardness of the brazed alloys decreases by 8.8% with the ad-
dition of 4.0 wt.% Zr. It can be explained that Zr inhibited the formation
of the hard-brittle Cu3Ti in the reaction layer. Although the newly
formed AgZr2 and Cu10Zr7 phases are detected in brazed A2, no re-
markable effect on hardness could be found due to the increased duc-
tility properties of two types of phases. Moreover, it is also noted that
the discrete degree in the hardness of the specimen B1 is much higher
owing to the large amounts of Cu3Ti intermetallic compound. The
larger discrete degree in the hardness of the specimen B1 indicates a
poor composition uniformity of the brazed layer. To be sure, the ex-
istence of hard-brittle intermetallic compounds of Cu3Ti is a key factor
influencing the composition uniformity of the brazed alloys. In general,
to a certain extent, the physicochemical properties of the brazed layer
will be improved by adding a reasonable amount of the elemental Zr.
Hardness been reduced with the addition of the elemental Zr in the
brazed layer, it is still higher than that of the AISI 1045 steel matrix
(approximately 360 N/mm2 [44]).

3.4. Friction and wear performance

3.4.1. The frictional coefficient
Fig. 7 shows the tribological test results of B1 and B2. Each ex-

perimental specimen has been conducted for three trials under the same
conditions.

Upon comparing results, the figure illustrates that the friction
coefficient curves are relatively smooth. The oscillation amplitude de-
creases with a moderate amount of Zr element adding in the alloy
powder before laser welding-brazing, such as B2. The structure and
mechanical properties of brazed layers could be partially evaluated
with the results of friction coefficient. Certainly, a hard intermetallic
compound existed in the brazed layer would induce the non-uniform
composition before adding the elemental Zr. Contacting or separating
generated repeatedly between the grinding ball and the intermetallics
leads to oscillation of the friction coefficient during the sliding tests. A

Fig. 3. The macroscopic features of brazed alloys on AISI 1045 steel substrate: (a) B1 (Matrix: AISI 1045 steel; Brazed alloy: AgCu28-4.5Ti); (b) B2 (Matrix: AISI 1045
steel; Brazed alloy: AgCu28-4.5Ti-4Zr).
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smoother curve of the friction coefficient indicates a flatter layer fab-
ricated. The friction coefficient (μ) between two smooth bodies under
sliding elasticity conditions can be expressed as follows [45,46]:

= ⎛
⎝ ′

⎞
⎠

μ A τ
P E

3
41 3

2 3

(1)

Where A is constant defined by two contact bodies, τ is shear stress

Fig. 4. The SEM macrographs and micrographs of
bonding surface: (a) The cross section of brazed A1;
(b) The transition zone of AISI 1045 to A1; (c) The
transition zone of Ti Gr.1 to A1; (d) The micro-
graph of brazed A1 in center; (e) The micrograph of
brazed A1 near the matrix; (f) The line scanning of
AISI 1045 to A1 transition zone; (g) The line
scanning of A1 to Ti Gr.1 transition zone; (h) The
cross section of brazed A2; (i) The transition zone
of AISI 1045 to A2; (j) The transition zone of Ti
Gr.1 to A2; (k) The micrograph of brazed A2 in
center; (l) The micrograph of brazed A2 near the
matrix; (m) The line scanning of AISI 1045 to A2
transition zone; (n) The line scanning of A2 to Ti
Gr.1 transition zone.

Y. Huang, et al. Journal of Manufacturing Processes 41 (2019) 56–65

61



at the interface, P is the normal load and E′ is the effective elastic
modulus of two types of contact materials.

It can be deduced in formula (1) that the smaller the shear stress of τ
is, the lesser the friction coefficient will be. Small critical shear stress
can reduce the friction coefficient in sliding test. Many types of inter-
metallic compounds, such as AgZr2, Cu10Zr7, Cu3Ti and et al., co-existed
in the brazed layer can effectively decrease the friction coefficient in the
sliding process. The result has good agreements with the published
literature [47,48]. Therefore, the integrative friction coefficient be-
tween the grinding ball and the brazed layer is decreased with the
addition of Zr element. The mean values of the friction coefficients are
0.15 (with Zr element) and 0.18 (without Zr element), respectively.

3.4.2. The wear resistance
Fig. 8 shows the SEM micrographs and three dimensional (3-D)

contours of specimens B1 and B2 after sliding tests. The worn track with
distinct ridges on both sides can be observed, especially on the spe-
cimen B2. It can be explained that the bumped materials at the front
beneath the grinding ball had been separated to both sides of the worn
groove along the sliding direction to generate the worn track. The ac-
cumulation layer of the specimen B1 is discontinuous and with large
quantities of small particles, while it is continuous appeared on the
specimen B2 and no significant particles close to the worn track, ac-
cording to the comparison of amplified Fig. 8 (c) and (g). A few obvious
grooves at the bottom of the worn tracks can be found in Fig. 8(b) and
(f), and the morphology of the grooves shows that the brazed alloys on
the specimen B1 has poorer ductility. In addition, pores are observed on
the friction and wear surface of the specimen B1. It is indicated that the
density of A1 is lower than A2. This is consistent with the section 3. 2.
Simultaneously, the compressive ductility of the brazed alloys has been
improved with adding the elemental Zr. And the micro-cracks and
furrows as well as the particles adhesion have been reduced in sliding
test. It can also be seen in Fig. 8(d) and (h) that the worn depth of the
specimen B2 is larger than that of the specimen B1 under the same
conditions. Mean values of worn volumes are 0.4530mm3 and
0.6576mm3, respectively. The overall wear resistance of the brazed
layers has been slightly decreased with the addition of Zr, and it is still
much higher than that of AISI 1045 steel substrate, which is consistent
with the above analyzed results for the hardness and compressive
ductility of the brazed alloys.

In terms of the friction coefficient and wear volumes of the brazed
layers, Zr homogenizes the composition by promoting the formation of
more compounds in the brazed alloys. The ductility of the brazed layer
has been increased and the friction coefficient has been reduced, which
leads to a lower wear resistance occurred on the specimen B2 in sliding
test.

By adding active Ti and Zr, AgCu-based alloy, the wettability of
AgCu28-4.5Ti-4Zr is notably enhanced due to its increment of the
ductility. Take the considerations of macroscopic features, intermetallic
reaction layers, micro Vickers hardness, as well as tribological perfor-
mance of the two similar brazed alloys, a prefect compressive perfor-
mance has been discovered during welding-brazing process and the
sliding test. As more intermetallic compounds grow up, the elemental
diffusion at the bonding interface is intensified and the chemical me-
tallurgical performance is improved. Additionally, the dominating role
of Cu3Ti in the brazed layer of the specimen B2 is changed due to AgZr2
and Cu10Zr7 been formed. And a smaller friction coefficient is mon-
itored in sliding the brazed layer with the addition of Zr. Though the
hardness of the specimen B2 is decreased slightly, a smoother layer with

Fig. 5. XRD patterns for Intermetallic reaction layer of brazed alloys: (a) Ti Gr. 1-A1 (AgCu28-4.5Ti)-AISI 1045; (b) Ti Gr. 1-A2 (AgCu28-4.5Ti-4Zr)-AISI 1045.

Fig. 6. Micro Vickers hardness of laser brazed layer.

Fig. 7. The friction coefficient curves of specimens B1 and B2.
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Fig. 8. The SEM micrograph and 3D contours of brazed alloys A1 and A2 after worn: (a) The worn track of specimen B1, (b)The bottom surface of worn track, (c)The
accumulation of brazed alloy around the worn track, (d) The 3D contours of worn track; (e) The worn track of specimen B2, (f) The bottom surface of worn track, (g)
The accumulation of brazed alloy around the worn track, (h) The 3D contours of worn track.
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the enhanced ductility is produced in the welding-brazing process.
Wear damage could be weakened in the condition of a smaller friction
coefficient between two sliding counterparts.

4. Conclusions

1) Two different plates of AISI 1045 steel and pure Ti have been
joined with AgCu28-4.5Ti-4Zr active brazing alloys in laser welding-
brazing process. The alloys have a good wettability to the matrix, and
the brazed layer presents a compact structure and uniform thickness in
the connection transition zones.

2) The bidirectional diffusion of main elements occurs when the
appropriate amount of Zr has been added in the brazing alloys, and the
gradient evolution of elements distribution between brazed layers and
matrices has been significantly changed at the transition zones. And the
brazed surface tends to be smooth, which improves the metallurgical
reaction at the interfaces.

3) Elemental Ti in the Zr-free alloys tends to react with elemental Cu
in the transition zones, which can produce the hard-brittle phase Cu3Ti
and result in an uneven brazed layer with characteristics of nonuniform
hardness distribution and poor ductility. A few defects, such as micro
cracks, furrows and grain adhesion, could be found on the ground
surface in sliding tests. The active elemental Zr can inhibit the over-
production of hard-brittle phase Cu3Ti. Fewer phases of Cu3Ti with new
generated phases of AgZr2 and Cu10Zr7 can unify the hardness dis-
tribution and improve the tribological performance for the brazed alloy.
Furthermore, (Zr, Cu) solid solutions affects the solution strengthening
in the brazing process, and it is beneficial to the overall performance.
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