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Abstract: AZ63 sacrificial anode is widely used to protect buried metal pipelines and reinforced
concrete structures and so on. The interfacial metallurgical bonding between AZ63 sacrificial anode
and Q235 wiring terminal directly affects its cathodic protection performance. Therefore, microstruc-
ture and mechanical properties of interfacial between AZ63 and Q235 by solid-liquid compound
casting with hot-dip galvanized and post-casting solution-aging treatment (T6) were investigated.
The results indicate that hot-dip galvanizing on the surface of Q235 is beneficial to the formation of
intermetallic compounds at the interface. At the same time, it can promote the metallurgical bonding
of the interface between AZ63 and Q235. After T6 heat treatment, the intermetallic compound at the
interface between AZ63 and galvanized Q235 was refined. The electron-probe microanalyzer (EPMA)
revealed that the intermetallic compounds at the interfaces between AZ63 and galvanized Q235 were
Fe, Als before and after T6 treatment. Push-out testing and microhardness were used to investigate
the mechanical properties of interface between AZ63 and Q235. It is shown that the hot-dip galva-
nization of the Q235 surface and T6 treatment were beneficial to improve the metallurgical bonding
shear strength and microhardness of the interface. After T6 heat treatment, the highest shear strength
at the interface between AZ63 and galvanized Q235 was up to 31.9 &+ 1.9 MPa.

Keywords: AZ63; galvanized; T6 heat treatment; solid-liquid compound casting

1. Introduction

Magnesium (Mg) sacrificial anodes are widely used to protect buried metal pipelines,
reinforced concrete structures, and other steel structures, due to their inherent negative
potential, large driving voltage, and large current output per unit weight [1-4]. The current
commercial use of magnesium alloy sacrificial anode is mainly focused on casting AZ63, as
it has uniform surface dissolution and high current efficiency [5-7]. In order to facilitate
the connection between AZ63 sacrificial anode and protected pipelines or steel structure,
when casting AZ63 sacrificial anode, Q235 rod is first placed in the mold, and then the
solid-liquid interface is combined to form a wiring terminal. The interfacial metallurgical

Metals 2022, 12, 1233. https:/ /doi.org/10.3390/met12071233

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12071233
https://doi.org/10.3390/met12071233
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12071233
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12071233?type=check_update&version=1

Metals 2022, 12,1233 20f12

bonding between AZ63 sacrificial anode and Q235 directly affects its cathodic protection
performance, so the solid-liquid compound casting process is very important.

The melting point, thermal conductivity, and thermal expansion coefficient of magne-
sium alloys and steels are quite different [8]. Furthermore, according to the Fe-Mg phase
diagram, the solubility of Fe in Mg is 0.00043 at.% at 923 K, while the solid solubility of
Mg in Fe is close to zero [9]. At the same time, Fe and Mg elements do not react to each
other [10]. Therefore, it is difficult to form a metallurgical bonding between Mg and Fe. In
recent years, there have been a number of reports on the solid-liquid composite casting of
magnesium alloy and steel [11-15]. Sacerdote-Peronnet et al. reported the effects of varying
the degree of chemical interaction and specimen thickness on the load—displacement curves
between mild steel and magnesium base Mg-Al alloy [11]. However, the metallurgical
bonding of the interface is not good, and the strength is low. The main function of galvaniz-
ing steel is to prevent the surface from being oxidized [16]. Moreover, Zinc coating on steel
surface will promote the formation of low melting Mg—Zn eutectic, which can improve the
weldability of AZ31 and steel [17]. Cheng et al. and Jiang et al. studied that the microstruc-
ture and mechanical properties of interfacial between AZ91D and 45 steel by solid-liquid
composite casting with hot-dip galvanized and hot-dip aluminized 45 steel bars at 720 and
780 °C, respectively [12-14]. Zhao et al. [15] systematically analyzed the microstructure
and mechanical properties of the bonding interface of AZ91D/ Al-coated 0Cr19Ni9 bimetal
materials by using liquid-solid compound casting. Galvanizing and aluminizing on the
iron surface can obviously improve the metallurgical bonding and strength of the interface
between iron and AZ91 magnesium alloy. However, the composite casting of AZ63 and
Q235 has not been reported. Literature studies have found that solution-aging-treatment
(T6) heat treatment can improve the performance of sacrificial anode of AZ63 [18]. In
addition, T6 heat treatment can also promote element diffusion between AZ63 and Q235.

In the present study, Q235 steel, hot-dip galvanized Q235 steel, and AZ63 magnesium
alloy were selected as the experimental materials for solid-liquid compound casting process.
After casting, the composite casting samples of AZ63 magnesium alloy and galvanized steel
Q235 were subjected to T6 heat treatment. The microstructural features, shear strengths,
and microhardness at the interface were examined. The interface reaction mechanisms of
AZ63 and Q235 were also discussed.

2. Experimental

Commercially AZ63 magnesium alloy ingots and Q235 steel core with a diameter of
10 mm were used in this study, and their chemical compositions measured by ICP-OES
(AGILENT 730, Agilent Technologies Inc., California, CA, USA) are listed in Table 1. Q235
steel for hot-dip galvanized treatment at 445450 °C was used in the experiments. The
Q235 steel core was used as a control group.

Table 1. Chemical composition of AZ63 and Q235 (wt.%).

Materials Al Zn Ni Cu Mn Si Mg C S P Fe
AZ63 5.7 3.1 0.001 0.002 0.51 0.08 Bal. - - - 0.004
Q235 - - - - 0.5 0.3 - 0.12 0.04 0.0035 Bal.

The AZ63 magnesium alloy ingots were melted by using electrical furnaces (Hefei
Kejing Materials Technology Co., Ltd., Hefei, China). The protective gas atmosphere of
the AZ63 magnesium alloy melt was the CO; + 0.5% vol. SFs. When the temperatures
of the AZ63 magnesium alloy melts reached 720 °C, the oxide scale of the molten metals
was skimmed. The AZ63 magnesium alloy melt was poured into a metal die with a pre-
positioned Q235 steel core. After solidification, the AZ63 magnesium alloy sacrificial anode
was finally obtained. The sample obtained by composite casting is shown in Figure 1.
Finally, the AZ63 magnesium alloy with a galvanized steel Q235 bar underwent T6 heat
treatment at 385 °C for 10 h and aging at 220 °C for 5 h.
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Figure 1. The sample obtained by composite casting.

In order to observe the interfacial microstructure, the metallographic cross-sections
of the specimens were machined from the vertical direction of the Q235 steel core by the
electrical discharge wire-cutting machine. Next, the specimens were grounded.

The interfacial microstructure was characterized by optical microscope (OM, NM910,
Nanjing Jiangnan Novel Optics Co., Ltd., Nanjing, China) and scanning electron microscope
(SEM, JEOL JSM 7100F, Joint-stock Company, Tokyo, Japan) equipped with an energy-
dispersive X-ray spectroscope of Oxford X-Max EDS (Oxford Instrument Technology Co.,
Ltd., Oxford, UK). The elemental distributions were analyzed by using an electron-probe
microanalyzer (EPMA, EPMA-1720H, Shimadzu Corporation, Kyoto, Japan).

The shear strength of the interfacial between AZ63 and Q235 was investigated by
push-out testing (NEW SANSI CMT-5105, Xinsansi Enterprise Development Co., Ltd.,
Shanghai, China). A schematic diagram of the push-out test is shown in Figure 2. The
thickness of the specimens was 8 mm. The loading rate was 0.5 mm/min. Three were used
for push-out testing. The shear strength (7) was calculated by using the following equation:

P 1)

T =
27trt

where F is the maximum load, r is the radius of Q235 steel, and t is the specimen thickness.

Mechanical load

3§

Q235 AZ63

Figure 2. Schematic diagram of the push-out test.

The microhardnesses of the interface for the AZ63 and Q235 were measured by using
an HV-1000 hardness tester (Shanghai Wumo Optical Instrument Co., Ltd., Shanghai,
China) with a load of 100 g for 10 s. The microhardness value was evaluated by averaging
the three measurements. The test was repeated three times, and the average values were
reported for each sample.

3. Results and Discussion
3.1. Galvanized Q235 Microstructure
An optical micrograph of the cross-section of the galvanized Q235 is shown in Figure 3.

It can be seen that the pearlite content on the surface of Q235 is obviously less than that on
the core of Q235, and a decarburized layer of about 80 pm was formed on the surface of the



Metals 2022, 12,1233

40f12

cross-section of the Q235 galvanized steel due to the high temperature used in the Q235
hot-dip galvanizing process.

Decarburized layer

Figure 3. (a) Optical micrograph of the cross-section of the galvanized Q235, (b) magnified image of
region A, and (c) magnified image of the region B.

A back scattered electron (BSE) micrograph of the cross-section of the galvanized
Q235 is shown in Figure 4. It can be seen clearly that the Q235 surface has a more uniform
thickness of zinc coating; its average thickness is about 28 pym. The EDS mapping and
pointing of the zinc coating showed that the zinc coating was mainly composed of a zinc
element, and no Fe-Zn intermetallic compound was formed.

10 pm

Figure 4. Mapping of the galvanized Q235.

3.2. Microstructure of the Interfaces between AZ63 and Q235 Bimetallic Composites

Optical micrographs of the interfaces between AZ63 and Q235 bimetallic composites
are shown in Figure 5. It can be observed that the pearlite decreases obviously near the
Q235 matrix interface and forms a decarburized layer of about 300 pm in thickness at
the interface of the AZ63/Q235 and AZ63/galvanized Q235. Moreover, the thickness of
the decarbonization layer is significantly wider than before casting in galvanized Q235.
After T6 treatment, the decarbonization layer was about 350 pm. Both composite casting
and T6 treatment can increase the thickness of the decarburization layer on Q236 surface.
Therefore, high temperature promotes the formation of a decarburized layer on the surface
of Q235.

Figure 6 shows the BSE micrographs of the interfaces between the AZ63 and Q235
bimetallic composites. It can clearly be seen that a small amount of intermetallic compounds
is formed at the interface of AZ63/Q235, and a transition layer with an average thickness
of about 15 um is formed at the interface of AZ63/galvanized Q235. Obviously, the hot-
dip-galvanized Q235 surface significantly improved the weldability of AZ63 magnesium
alloy and Q235. After T6 heat treatment, the average thickness of the transition layer
between the AZ63 and galvanized Q235 base layer was still about 15 pum, but the thickness
of the transition layer became more uniform, and the size of the intermetallic compound
was obviously refined. Meanwhile, the initial Mg—Al phase in the AZ63 matrix was
dissolved by solid solution, and the dispersed fine second phase was precipitated by
aging, because T6 treatment promoted the diffusion of elements at the interface, and the
intermetallic compounds at the interface decreased significantly compared with those
before heat treatment.
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Figure 5. Optical micrographs of the interfacial of (a) AZ63/Q235, (d) AZ63/galvanized Q235, and
(8) AZ63/galvanized Q235 + T6; (b) magnified image of the region C, (c) magnified image of the
region D, (e) magnified image of the region E, (f) magnified image of the region F, (h) magnified
image of the region G, and (i) magnified image of the region H.

25 pm

Figure 6. BSE micrographs of the interfacial of (a) AZ63/Q235, (b) AZ63/galvanized Q235, and
(c) AZ63/galvanized Q235 + Té.

Figure 7 shows the elements distribution for the interfacial of AZ63 and Q235. It is
observed that there is no obvious diffusion of Al, Mn, and Fe elements at the interfaces of
AZ63/Q235. Compared with the distribution of the elements at the interface of AZ63/Q235,
the Al, Mn and Fe elements are obviously aggregated at the interface of AZ63/galvanized
Q235. However, the zinc on the surface of galvanized Q235 melts into AZ63 magnesium
alloy during casting. After T6 treatment, the Al, Mn, and Zn elements in the matrixes were
uniformly distributed, but the Al element at the interface was obviously increased, while
the Mn element was obviously decreased.



Metals 2022, 12, 1233 60f12

Figure 7. EDS mapping of the interfacial of (a) AZ63/Q235, (b) AZ63/galvanized Q235, and
(c) AZ63/galvanized Q235 + Té.
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According to the Fe-Mg phase diagram [9], there is no intermetallic compound be-
tween Fe and Mg, and the solid solution of Fe in the magnesium melt is very low, which
may cause the interfacial reaction between Q235 steel and AZ63 magnesium alloy melt to
be difficult. However, Zn can react with Fe and Mg to form metal compounds, and Zn has
a higher solid solubility in Fe and Mg, so the metallurgical bonding between AZ63 and
Q235 can be promoted by zinc plating on the surface of Q235, and the further diffusion of
elements at the interface can be promoted by T6 treatment.

The values of the heat of formation of the major binary metal systems at the AZ63/0Q235
interface are found by consulting the literature, and they are shown in Table 2 [19]. It can
be seen that the heat used for the formation of AI-Mn and Al-Fe systems is relatively the
lowest, so the Al-Mn and Al-Fe compounds are easily formed at the interface, and this
promotes the enrichment of Al, Mn, and Fe elements at the interface.

Table 2. The values of the heat of formation (AHX%X) for the major binary metal systems in this study.

A-B

Al-Fe

Al-Mg Al-Mn Al-Zn Fe-Mn Fe-Zn Mg-Mn  Mg-Zn Mn-Zn

AHRX (K] /mol)

—-11

-2 -10 1 0 4 10 —4 —6

To further investigate the phase composition of the interface, the BSE micrographs of
the interfacial magnification of AZ63/galvanized Q235 and AZ63/galvanized Q235 + T6
are shown in Figure 8. It is observed that the intermetallic compound at the interface
of AZ63/galvanized Q235 was refined after the T6 treatment. The EPMA results of the
intermetallic compound at the interface are shown in Table 3. According to the Fe/Al value,
the intermetallic compound at the interfaces of AZ63/galvanized Q235 is Fep Als before
and after T6 treatment.

Figure 8. BSE micrographs of the interfacial magnification of (a) AZ63/galvanized Q235 and
(b) AZ63/galvanized Q235 + T6.

Table 3. EPMA results taken from points A and B in Figure 8 (at.%).

Point

Fe Al Mn Mg Zn Fe/Al

4417
6.347

20.374 48.802 16.821 9.439 0.146 0.41
16.66 41.766 3.961 30.633 0.633 0.40

According to the Al-Fe phase diagram [20], intermetallic compounds of Fe;Al, FeAl,
FeAl,, FeAls, and Fep Al5 can be formed in Al-Fe system. However, according to Gibbs free
energy change during the formation of intermetallic compound [21], the FepAl5 phase is
formed earlier than the other Al-Fe intermetallic phases because the Gibbs free energy of
Fe, Al5 intermetallics is the smallest at this experimental temperature.

3.3. Reaction Mechanism of AZ63 and Q235 Interfaces

The metallurgical reaction mechanism of AZ63/galvanized Q235 interface during
solid-liquid casting and T6 treatment was clarified with the schematic diagram shown in
Figure 9. In the process of solid-liquid composite casting, the melt temperature of AZ63
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magnesium alloy is 720 °C, which is much higher than the melting point of zinc, so the
zinc layer on the surface of Q235 will be melted quickly and enter into the melt of AZ63
magnesium alloy. The Al and Mn elements in the AZ63 magnesium alloy melt and diffuse
to the interface and form (Fe, Mn),Als intermetallic compound, because Mn has a similar
atomic structure to Fe, and Mn substitutes for Fe in the Fe; Al5 phase. At the same time,
the carbon element in the Q235 matrix diffuses to the surface to form a decarburized layer.
During the T6 heat treatment of the AZ63/galvanized Q235 samples, the Al element in
the AZ63 matrix diffused to the interface, the Mn element at the interface diffused into
the Q235 matrix, and the carbon element in the Q235 matrix continued to diffuse to the
interface. The size of the Fep Als intermetallic compound at the interface is significantly
smaller than that before the T6 heat treatment, and the thickness of the decarburized layer
in the Q235 matrix becomes larger.

Zinc‘ layer (Fe, Mn),Al

Decarburized layer Decarburized layer

(Fe, Mn),Al

Decarﬁmrized layer

Figure 9. Schematic illustrations of reaction mechanism for AZ63 and Q235 interfaces. (a) The casting
cooling process, (b) After cooling, (c) T6 heat treatment process, and (d) After T6 heat treatment.

3.4. Mechanical Properties

Figure 10 shows the load—displacement curves. It can be seen that the shear strength
of AZ63/Q235, AZ63/galvanized Q235, and AZ63/galvanized Q235 + T6 metallurgical
bonding presents an increasing tendency. The reason is that the surface of Q235 steel was
treated by hot-dip galvanization, which promoted the metallurgical bonding of the interface,
and then the T6 treatment promoted the diffusion of the interface elements, which made
the metallurgical bonding of the interface closer, thus increasing the shear strength of the
interface. The average shear stress at the interface can be evaluated by using Equation (1).
The results are shown in Table 4. The shear strengths of AZ63/galvanized Q235 interface
before and after T6 treatment in this experiment are higher than that Cheng et al. [13]
evaluated the shear strength of the AZ91D/galvanized Q235 interface to be before and
after heat treatment with 250 °C for 3 h.

Figure 11 shows SEM fractographs on the Q235 side of the AZ63/Q235, AZ63/ galvanized
235, and AZ63/galvanized Q235 + T6 metallurgical bonding push-out samples. The
EDS results taken from points C, D, and E are shown in Table 5. It shows that the fracture
surface of the Q235 side adhesion is AZ63 magnesium alloy. Moreover, it can be seen that
there is less AZ63 magnesium alloy adhered to the fracture surface of the Q235 side of
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the AZ63/Q235 specimen compared to the AZ63/galvanized Q235, and the machining
traces on the surface of Q235 before solid-liquid composite casting can be clearly seen.
However, a large amount of AZ36 magnesium alloy was obviously adhered to the surface
of the Q235 side of the AZ63/galvanized Q235 and AZ63/galvanized Q235 samples after
the T6 treatment shear test. It shows that the interface bonding of AZ63/galvanized Q235
and AZ63/galvanized Q235 samples treated by T6 is obviously better than that of the
AZ63/Q235 interface.

— AZ63/Q235
—— AZ63/galvanized Q235
—— AZ63/galvanized Q235 + T6

8000

6000

4000

Load (N)

2000

T T
0.0 0.1 0.2 0.3 0.4 0.5

Displacement (mm)

Figure 10. The load-displacement curves.

Figure 11. SEM fractographs on the Q235 side of the interface for the (a) AZ63/Q235,
(b) AZ63/galvanized Q235, and (c) AZ63/galvanized Q235 + T6 push-out samples; (d-f) magnified
image of the region I, II, and III, respectively.
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Table 4. Shear strength of AZ63/Q235 metallurgical bonding with different heat treatment times.

Sample Average Shear Strength (MPa)
AZ63/Q235 82+04
AZ63/galvanized Q235 21.3£05
AZ63/galvanized Q235 + T6 319+1.9

Table 5. EDS results taken from points C, D, and E in Figure 11 (at.%).

Point Mg Al Zn Mn
C 94.2 49 0.7 0.2
D 94.4 2.6 2.6 0.4
E 96.2 2.6 1.1 0.1

The microhardness distributions across the interface of the AZ63/Q235, AZ63/ galvanized
Q235, and AZ63/galvanized Q235 + T6 are shown in Figure 12. The AZ63 matrix and
(0235 matrix have average hardnesses of 70 and 210 HV, respectively. The average hardness
of the AZ63 matrix increased to about 95 HV after T6 heat treatment. The hardness of
the interface near the AZ63 matrix was significantly higher than that of the AZ63 matrix,
and the interface of the AZ63/galvanized Q235 + T6 has the highest hardness, while the
hardness of the AZ63/Q235 is the lowest. This is consistent with the change in shear
strength. The hardness of Q235 near the interface is significantly lower than that of the
(235 matrix because the area is decarburized.

LU

{ —=— AZ63/Q235

—e— AZ63/galvanized Q235 &
200 —a— AZ63/galvanized Q235 + T6
=~
=
@ 160
= AZ63 Q235
T
=
=
£ 1204
@
=
2
—
S~ a1
80 -
T T T T T i T T T T T
900 —600 =300 0 300 600 9200

Distance (nm)

Figure 12. The microhardness distributions across the interface of the AZ63/Q235, AZ63/galvanized
Q235, and AZ63/galvanized Q235 + Té.

4. Conclusions

The effects of Q235 hot-dip galvanized and post-casting T6 heat treatment on the
interfacial reaction and mechanical properties of the AZ63/0Q235 composite casting were
investigated. The results can be summarized as follows:

1. The Q235 matrix of the AZ63/Q235, AZ63/galvanized Q235, and AZ63/galvanized
Q235 + T6 treated samples formed a decarburized layer with a thickness of 300-350 um
near the interface. A small amount of intermetallic compounds was formed at the
interface of AZ63/Q235, and a transition layer with an average thickness of about
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15 pm was formed at the interface of AZ63/galvanized Q235. After T6 treatment, the
average thickness of the interface transition layer between AZ63 and galvanized Q235
base layer was still about 15 pm, but the thickness of the transition layer became more
uniform, and the size of the intermetallic compound was obviously refined.

2. The AlMn, and Fe elements were obviously aggregated at the interface of AZ63/galvanized
Q235. However, the zinc on the surface of the galvanized Q235 melted into the AZ63
magnesium alloy during the casting. After T6 treatment, the Al, Mn, and Zn elements
in the matrixes were uniformly distributed, but the Al element at the interface was
obviously increased, while the Mn element was obviously decreased. The intermetallic
compound at the interfaces of AZ63/galvanized Q235 was (Fe, Mn), Als before and
after T6 treatment.

3. The shear strength of AZ63/Q235, AZ63/galvanized Q235, and AZ63/galvanized
Q235 + T6 metallurgical bonding presents an increasing tendency. The hardness of the
interface near the AZ63 matrix was significantly higher than that of the AZ63 matrix,
and the interface of the AZ63/galvanized Q235 + T6 has the highest hardness, while
the hardness of the AZ63/Q235 is the lowest.
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