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Ïîâåðõíîñòíîå óïðî÷íåíèå ìàãíèåâîãî ñïëàâà ïóòåì ëàçåðíîé òåðìîîáðàáîòêè â óñëîâèÿõ áûñòðîãî îõëàæäåíèÿ
ß. Ê. Ãåà, Ê. ×åíà, Â. Ê. Âàíãá, Ñ. Ãóîá
à

Êîëëåäæ ìàòåðèàëîâåäåíèÿ è èíæèíèðèíãà, Òàéþàíüñêèé óíèâåðñèòåò íàóêè è òåõíèêè,
Òàéþàíü, ïðîâèíöèÿ Øàíüñè, Êèòàé
á
Êîëëåäæ ìàòåðèàëîâåäåíèÿ è èíæèíèðèíãà, Òàéþàíüñêèé òåõíîëîãè÷åñêèé óíèâåðñèòåò,
Òàéþàíü, ïðîâèíöèÿ Øàíüñè, Êèòàé

Âûïîëíåíî ëàçåðíîå ïîâåðõíîñòíîå óïðî÷íåíèå îáðàçöà èç ìàãíèåâîãî ñïëàâà AZ31B ñ åãî
îäíîâðåìåííûì áûñòðûì îõëàæäåíèåì â æèäêîì àçîòå. Èññëåäîâàíû õàðàêòåð è ìåõàíèçì
ïîâåðõíîñòíîãî óïðî÷íåíèÿ. Áëàãîäàðÿ ìåõàíèçìàì óìåíüøåíèÿ ðàçìåðîâ çåðåí è âîçíèêíîâåíèÿ òâåðäîãî ñóïåððàñïëàâà, à òàêæå èõ âëèÿíèþ íà äâèæåíèå äèñëîêàöèé è îáðàçîâàíèå
àìîðôíîé ñòðóêòóðû èìååò ìåñòî çíà÷èòåëüíîå ïîâûøåíèå ìèêðîòâåðäîñòè, èçíîñîñòîéêîñòè è âÿçêîñòè ðàçðóøåíèÿ ìàãíèåâîãî ñïëàâà. Óñêîðåííûå ðåæèìû íàãðåâà ëàçåðîì è
îõëàæäåíèÿ â æèäêîì àçîòå ñïîñîáñòâîâàëè óìåíüøåíèþ ðàçìåðîâ çåðåí â óïðî÷íåííîì
ïîâåðõíîñòíîì ñëîå è ôîðìèðîâàíèþ àìîðôíîé ñòðóêòóðû. Áîëüøèíñòâî äèñëîêàöèé áûëî
îáíàðóæåíî â óïðî÷íåííîì ñëîå, à íå â ïîäëîæêå. Èñêàæåíèå êðèñòàëëè÷åñêîé ðåøåòêè,
âûçâàííîå âûñîêîé êîíöåíòðàöèåé àëþìèíèÿ, ðàñòâîðåííîãî â a-Mg ôàçå, òàêæå ïîâûøàåò
óñòîé÷èâîñòü äàííîãî ñïëàâà ê äâèæåíèþ äèñëîêàöèé.

Êëþ÷åâûå ñëîâà: ìàãíèåâûé ñïëàâ, ëàçåðíîå ïîâåðõíîñòíîå óïðî÷íåíèå, ìåõàíèçì
óïðî÷íåíèÿ, áûñòðîå îõëàæäåíèå, äâèæåíèå äèñëîêàöèé.
Introduction. With the rapid development of modern science and technology,
magnesium alloy plays an increasing important role in science development and industrial
application because of their advantages of low density, high specific strength and good
elastic modulus, and so on [1]. But there are still some weaknesses of magnesium alloy
material, such as poor hardness, wear resistance and fracture toughness, limited its wider
application and development [2].
The main forms of metal failure are fracture, corrosion and wear, which begin from
the material’s surface in many cases. Therefore, according to the relationship of material’s
composition, microstructure and performance, the comprehensive performance of magnesium
alloy could be strengthened by surface modifying, without changing the original
characteristics of magnesium alloy except the modified zone [3].
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There are lots of surface modifying strategies of magnesium alloys [4]. Laser surface
strengthening is a more effective method in all surface treatments. It is a well known
technique for the surface strengthening because of rapid heating and cooling rate and
simple process [5]. Many previous studies focused on the effects of laser surface
strengthening on steels and some light alloys [6, 7]. However, the effects of laser surface
strengthening on magnesium alloys are relatively less studied. Therefore, it is essential to
further the laser surface strengthening technique on magnesium alloys. As is known, with
more rapid cooling rate, some especial rapid solidification microstructure may be obtained
[8]. Nevertheless, previous laser surface strengthening studies were carried out in aircooling condition [9, 10]. There are few researches to increase the cooling rate and to
obtain better performance.
In this work we show a new approach for the laser surface strengthening technique in
which the main idea of rapid cooling is used. The surface of magnesium alloy was heated
by laser, while the samples were extremely rapidly cooled in liquid nitrogen. We conduct
this study to strength the surface performance of magnesium alloy and to discuss the
surface strengthening mechanism.
1. Experimental.
1.1. Experimental Materials. In the present investigation, a hot-rolling AZ31B
magnesium alloy with a composition (wt.%) of 3.22 Al, 1.15 Zn, 0.4 Mn, 0.0133 Si, 0.0019
Fe and Mg-balance, was chosen as the substrate material. All samples were cut into
coupons with a dimension of 180´ 75´10 mm by means of wire electrical discharge
machining.
1.2. Preprocessing. To improve the absorptive capacity of magnesium alloy’s surface
to laser, the surface of the magnesium alloy was pretreated. Firstly, the specimens were
ground with No. 80 abrasive papers, cleaned by acetone, and then air-dried. After that,
special light-absorbing paint was evenly sprayed to the treated surface, and then air-dried
again. Table 1 lists the paint components.
A 5 kW CO2 laser (HUST-JKT5170) connected to a computer for numerical controlling
was used. The laser melting process under liquid nitrogen cooling condition is shown in
Figs. 1 and 2. The liquid level of liquid nitrogen should be observed all the time, and liquid
nitrogen and argon should be added constantly to ensure liquid nitrogen and magnesium
alloy’s surface was at the same level. The laser surface melting parameters are listed in
Table 2.
T a b l e 1
Chemical Compositions of Light Absorption Coating and AZ31B Magnesium
Element

C

O

Ca

Zr

Sn

Sb

Other

Total

Weight (%)

5.21

21.81

35.39

1.00

3.70

24.40

8.48

100.00

Atomic (%)

14.51

45.60

29.54

0.37

1.04

6.70

2.24

100.00

T a b l e 2
Laser Surface Heating Parameters
Laser power
P (kW)

Scanning speed
v, mm/min

Sport diameter
D , mm

Shielding gas flow
Q , l/min

2500

600

5

15
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Fig. 1. Laser surface strengthening under liquid nitrogen cooling condition: (a) sketch map of liquid
nitrogen cooling condition; (b) sketch map of laser surface strengthening.

Fig. 2. Laser surface strengthening process.

1.3. Characterization. Microstructure and phase constituents were examined by the
optical microscope (CMM-20), the scanning electron microscope (JSM-6700F), the high
resolution transmission electron microscopy (JEM-2100F) and the X-ray diffractometer
(Y-2000). Wearing resistance was measured by the reciprocating abrasion machine
(MFT-R4000), and the specimen was fixed on the horizontal workbench and was worn out
with the horizontal movement of the workbench under the GCr15 counter wearing
specimen and 500 g load, 20 min fraction time and 100 rpm rotational speed. Pendulum
impact testing machine was used for impact study with impact energy of 4.8 J and testing
temperature of 20°C, and the specimen dimensions are shown in Fig. 3.

Fig. 3. V-type notch impact specimen (unit: mm).

2. Results.
2.1. Morphology of the Strengthening Zone. As shown in Fig. 4, the surface of the
strengthening zone appeared uneven. During the laser surface strengthening, when the part
of laser energy absorbed by the surface of magnesium alloy heated it beyond its boiling
point of 1090°C, the surface of magnesium alloy would vaporized. The recoil of the
magnesium alloy vapor would produce some pressure which could result in the formation
of the uneven surface. As a result of the laser heat source of the Gauss mode, the
strengthening layer exhibited the crescent-shaped morphology as shown in Fig. 5. The
depth of the strengthening zone was about 230 mm.
108
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Fig. 4. Macroscopic morphology of the strengthening zone.

Fig. 5. Cross-sectional macrograph of the strengthening layer.

2.2. Surface Strength Behavior. Figure 6 shows the microhardness of the strengthening
layer by laser thermal loading. It revealed that microhardness of strengthening layer (about
150.3 HV) cooled under rapid cooling condition has significantly increased by about 3
times as compared to that of substrate (about 50 HV).

Fig. 6. Microhardness of strengthening layer.

Observed from the morphology of the worn surface (Fig. 7a and 7b), both of the
as-received magnesium alloy and the strengthening layer exhibited the characteristics of
abrasive wear. The wear width of them was 990 and 880 mm, respectively. There were
groove and abrasive dust on the abrasive surface of both of them, but some zones of
as-received magnesium alloy peeled off, as shown in Fig. 7c and 7d. Apparent oxide even
appeared on the peeling area. But there was almost no oxidative cracking, and the groove
and abrasive dust were still the typical wear morphology of the strengthening layer. The
wear data of substrate and the strengthening layer are listed in Table 3. This implies that the
wear performance of magnesium alloy could be improved by laser thermal strengthening.
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T a b l e 3
Wear Data of the Substrate and Strengthening Layer
Characteristic

As-received magnesium alloy

The strengthening layer

10

5

The maximum friction coefficient

0.961

0.261

The average friction coefficient

0.578

0.168

The maximum microhardness (HV)

50.0

150.3

The grain size (mm)

58.7

5.1

Wear loss (mg)

Fig. 7. Wear morphology: (a) as-received magnesium alloy; (b) the strengthening layer; (c) magnified
figure a; (d) magnified figure c.

Figure 8 depicts the fracture surface of the laser melted layer at room temperature
after sharply impact test. The melted layer exhibited ductile dimple fracture in combination
with cleavage fracture and a little plastic deformation (Fig. 8b), because there were some
features dimples. But the substrate (Fig. 8c) displayed brittle fracture with sensible cleavage
steps and cracks.
3. Discussion. The average grain size of the original magnesium alloy and
strengthening layer was about 58.7 and 5.1 mm. From the bottom (Fig. 9a) to the top (Fig. 9d)
of the strengthening layer, the solidification rate of the melt gradually increased, the grain
size gradually decreased, and in the upper zone (Fig. 9c and 9d) the grain refined
remarkably. Under the extremely low temperature cooling of liquid nitrogen, the heat
transferring speed of melt was greatly improved, but this also improved the solidification
cooling rate dramatically. So did the undercooling. With such a high degree of undercooling,
nucleation and growth were inhibited, the strengthening layer showed a high degree of
grain refinement. Especially, the grains in the upper region of the strengthening layer were
more uniform. The strong convection of the molten pool made the edge of the original
110
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Fig. 8. Impact fracture of strengthening layer: (a) morphology of impact fracture; (b) magnified view
of I region; (c) magnified view of II region.

Fig. 9. Microstructure of the melted layer: (a) interface between strengthening layer and substrate;
(b) bottom of strengthening layer; (c) middle of strengthening layer; (d) upper part of strengthening
layer.

structures in the middle and upper part broken, and these broken fragments were dispersed
into the molted pool and became the core of the new structure. And heterogeneous
nucleation was occurred at the free surface of the molten pool. Moreover, the cooling rate
of the melt was improved under liquid nitrogen cooling circumstance, while cooling rate of
the middle and the upper regions of the melt were rapider which could inhibit the crystal
nucleus grew. Thus, there were more crystal nucleus in the upper region, and the growth of
the crystal nucleus was inhibited.
After laser surface heating and melting on magnesium alloy under rapid cooling
condition, the dislocation density greatly increased, as is shown in Fig. 10. Compared with
the matrix, the dislocation density greatly increased at the grain boundaries, and dislocation
tangling even appeared. In addition, there were also more dislocations inside the grains.
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Fig. 10. Dislocations in (a) as-received magnesium alloy and (b) the strengthening layer.

On the one hand, there were more grain boundaries caused by the grain refinement,
and they could hinder the movement of dislocations, so a large number of dislocations
tangled at the interface. On the other hand, plastic deformation caused by thermal stress
during laser heating and rapid cooling was also an important reason of the increase of
dislocation density. The thermal stress was simulated by ANSYS. Ultimately, there was
tension stress in strengthening layer and compressive stress in substrate, and the maximum
tension stress was in the upper part of the strengthening layer with the value of 111 MPa.
By the influence of the uneven temperature field, the thermal stress in the strengthening
layer was also uniform. In the cooling process, the melts in the bottom of the melted pool
was cooled down firstly and began to shrink, meanwhile the substrate restricted its shrink.
Therefore, there was tension stress in this firstly solidify region, and the substrate was
subjected to compressive stress. With the continued cooling, the middle and the upper parts
of the melted cooled down to produce tensile stresses.
There were some regions, in which the atoms arranged randomly as is shown in Fig. 11,
and another typical feature was there was an obvious boundary between atom-cluttered area
and the well-ordered atomic region. It indicated that non-crystallization appeared in the
strengthening layer. It also showed that laser surface strengthening on magnesium alloy
under liquid nitrogen cooling environment could realize amorphization in local areas on the
surface of magnesium alloy.

Fig. 11. Amorphous regions in the strengthening layer.

However, the amorphized region was not as uniform as it was imagined, and
crystalline and amorphous region alternately appeared in melted layer. Laser surface
strengthening was a rapid heating and cooling process, so magnesium alloy melt’s
residence time in liquid was short. Furthermore, laser surface strengthening under liquid
nitrogen cooling condition would be affected by the extremely low temperature of liquid
nitrogen, so the cooling rate of magnesium alloy melt would be further accelerated. It led to
a shorter liquid stay and heterogeneous components. Moreover, epitaxial growth of
112
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Fig. 12. X-ray diffraction patterns of as-received magnesium alloy and the melted layer.

solidification structure would increase the critical cooling rate R c , thereby the amorphous
forming ability would be reduced. In addition, if there were refractory particles which
could create structure fluctuation condition for heterogeneous nucleation, the amorphous
formation ability would also be reduced.
The phases of as-received magnesium alloy and the strengthening layer were showed
in Fig. 12. The as-received magnesium alloy which was formed near equilibrium state was
mainly composed of a-Mg and b-Mg17Al12. According to the theory of phases’ semi
quantitative analysis, b in the strengthening layer was poor, and the diffraction peaks was
a little leftward. During the laser strengthening under liquid nitrogen cooling condition,
owing to rapider cooling rate and non-equilibrium solidification, the interface of solid and
liquid moved fast, so some elements which hadn’t diffused were solute in the interface and
solidified. As a result, the eutectic transformation of L ® a-Mg+b-Mg17Al12 occurred under
the equilibrium state was inhibited, and the content of b-Mg17Al12 was little. Many
researches had proved that[11], on the condition of rapid solidification, some elements of
which the atomic radius were in the range of ±15% would be solute into a-Mg. And the
reason of diffraction peak shifting was also mainly due to the increase of solid solubility
and the grain refinement under this rapid cooling condition. These illustrated that in the
strengthening layer large numbers of Al element dissolved into a-Mg, and it could
introduce distortion of lattice. This may increase the resistance to the dislocation motion.
Conclusions
1. Due to laser heating and rapid cooling, a strengthening zone with the depth of about
230 mm was obtained.
2. Microhardness of strengthening layer had significantly increased by about 3 times.
Wear resistance of the strengthening layer was improved obviously. But there was almost
no oxidative cracking in the strengthening layer. And the maximum and average friction
coefficient of the strengthening layer was 0.261 and 0.168 which was less than it of the
original material. There was some feature of dimples in the strengthening layer.
3. The microstructure of the strengthening layer was greatly refined. The average
grain size of the original magnesium alloy and strengthening layer was about 58.7 and
5.1 mm. Owing to rapid cooling, the dislocations in the strengthening layer were increased
comparing to the as-received magnesium alloy, and some area with the feature of
amorphous structure was formed. Compared with as-received magnesium alloy, the
strengthening layer was almost composed of a-Mg, but b-Mg17Al12 was few.
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Ðåçþìå
Âèêîíàíî ëàçåðíå ïîâåðõíåâå çì³öíåííÿ çðàçêà ç ìàãí³ºâîãî ñïëàâó ÀZ31B ç éîãî
îäíî÷àñíèì øâèäêèì îõîëîäæåííÿì ó ð³äêîìó àçîò³. Äîñë³äæåíî õàðàêòåð ³ ìåõàí³çìè ïîâåðõíåâîãî çì³öíåííÿ. Çàâäÿêè ìåõàí³çìàì çìåíøåííÿ ðîçì³ð³â çåðåí ³
âèíèêíåííÿ òâåðäîãî ñóïåððîçïëàâó òà ¿õ âïëèâó íà ðóõ äèñëîêàö³é ³ âèíèêíåííÿ
àìîðôíî¿ ñòðóêòóðè ìàº ì³ñöå çíà÷íå ï³äâèùåííÿ ì³êðîòâåðäîñò³, çíîñîñò³éêîñò³ ³
â’ÿçêîñò³ ðóéíóâàííÿ ìàãí³ºâîãî ñïëàâó. Ïðèñêîðåí³ ðåæèìè íàãð³âàííÿ ëàçåðîì ³
îõîëîäæåííÿ ó ð³äêîìó àçîò³ ñïðèÿëè çìåíøåííþ ðîçì³ð³â çåðåí ó çì³öíåíîìó
ïîâåðõíåâîìó øàð³ ³ ôîðìóâàííþ àìîðôíî¿ ñòðóêòóðè. Á³ëüø³ñòü äèñëîêàö³é áóëî
âèÿâëåíî ó çì³öíåíîìó øàð³, à íå â ï³äêëàäö³. Ñïîòâîðåííÿ êðèñòàë³÷íî¿ ðåø³òêè â
ðåçóëüòàò³ âèñîêî¿ êîíöåíòðàö³¿ àëþì³í³þ, ùî ðîç÷èíÿºòüñÿ â a-Mg ôàç³, òàêîæ
çá³ëüøóº ñò³éê³ñòü äàíîãî ñïëàâó äî ðóõó äèñëîêàö³é.
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