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The effect of heat treatment on the plane-strain fracture toughness in forged AZ80 magnesium alloy was
studied. Two different kinds of heat treatment technologies (T5 and T6) were performed on the forged
samples. The values of plane-strain fracture toughness (KIC) were obtained from the stretched zone (SZ for
short) analysis. The results showed that the as-forged specimen would produce a large quantity of
b-Mg17Al12 precipitates both in the interior of the grains and at grain boundaries after T5 and T6 heat
treatments. The b-Mg17Al12 displayed a precipitation strengthening. Compared with the as-forged speci-
men, the ultimate tensile strengths of T5 and T6 specimens were improved by 42.8 and 30 MPa, respec-
tively. And the KIC of T5 and T6 specimens also increased to 23.8 and 21.0 MPa m1/2 while that of the
as-forged sample was 17.9 MPa m1/2. The average grain size of T5 sample was similar to that of the
as-forged one, but was finer than that of T6 specimen. The best mechanical properties and fracture
toughness of forged AZ80 magnesium alloy were achieved after T5 treatment.
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1. Introduction

In recent years, magnesium alloys have attracted a lot of
interest for structural applications in automotive and aerospace
industries due to their low density and high strength-to-weight
ratio (Ref 1-4). When they are used in structural applications,
their mechanical properties must satisfy reliability and safety
requirement. One of the methods of ensuring that is to study
their fracture toughness. Several reports have been made about
the fracture toughness in magnesium and magnesium alloys
(Ref 5-9). Allowing for the value of fracture toughness in
magnesium alloy is generally lower than that of aluminum alloy
from the Ashby map (Ref 10), several researches have been
carried out to improve the fracture toughness of magnesium
alloys. Somekawa et al. (Ref 11-13) have demonstrated that the
fracture toughness of magnesium alloys could be improved by
grain refinement, equal-channel-angular estrusion, and texture.
It also can be improved by controlling the shape of precipitates
in ZK60 (Ref 14). Although these methods can improve the
fracture toughness of magnesium and magnesium alloys,
the effect of heat treatment is rarely studied. In addition, the
method to measure the fracture toughness from ASTM-E399 is
restricted to thick specimens and only few methods are reported to

evaluate the fracture toughness of thin samples. While, Spitzig
(Ref 15) explained the relationship between stretched zone size and
critical tip opening displacement (CTOD), and evaluated the value
of fracture toughness. Furthermore, Sasaki et al. (Ref 16) applied
the stretched zone (SZ for short) analysis method to evaluate the
plane strain fracture toughness of thin magnesium alloys.

The AZ80 alloy has been a well-known commercial magne-
sium alloy due to its high strength and low price (Ref 17-19).
Recently, studies on AZ80 alloy are mainly focused on the effect
of processing method or heat treatment on its microstructures as
well as its mechanical properties (Ref 20-22), creep behaviors
(Ref 23), and corrosion (Ref 24). Moreover, the studies on
fracture toughness in Mg-Al alloys are mainly concentrated on
AZ31 alloy rather than deformed AZ80 alloy. Therefore, the
effect of heat treatment on the fracture toughness of forged AZ80
magnesium alloy was studied in this paper, and the SZ analysis
was applied to evaluate the fracture toughness.

2. Experimental Procedures

The experimental material was as-forged AZ80 magnesium
plate with 280 mm diameter and 35 mm thickness. The
chemical composition was Mg-8.2Al-0.55Zn-0.32Mn (wt.%).
The as-forged plate was formed by die forging of a cylindrical
billet. The initial thickness of billet was 75 mm, and the forging
temperature was 693 K. All the specimens were cut at
concentric circles position of as-forged plate. In this study,
T5 and T6 heat treatments were carried out to obtain different
microstructures. The solution treatment was performed at
693 K for 20 h followed by air cooling. Aging at 443 K for
20 h was performed using the as-forged and solution-treated
specimens, i.e., T5 and T6 treatments, respectively.

The x-ray diffraction (XRD, D/Max 2500) was carried out at
room temperature with CuKa radiation, 40 kV tube voltages, and
30 mA current to identify the main phases of materials. The
microstructure of the alloys was examined by optical microscopy
(OM, Leica DMRX), scanning electron microscopy (SEM,
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Sirion200), and transmission electron microscopy (TEM, JEM-
2010). Specimens for OM and SEM were mechanically polished
and chemically etched in a solution of 20 mL acetic acid + 1 mL
HNO3 + 60 mL ethylene glycol +19 mL distilled water for
5-15 s. The TEM specimens were reduced to 0.06 mm thickness
by hand, and then the foils were perforated by twin-jet polishing
technique in a solution of 500 mL CH3OH + 100 mL
C4H14O2 + 5.3 g LiCl + 11.16 g Mg(ClO4)2 at 243 K and 50 V.

Tensile tests were conducted on MTS810 universal material
testing machine at room temperature. The initial strain rate was
1910�3 s�1. Tensile specimens with a gage length of 5 mm
and a gage diameter of 2.5 mm were machined from the forged
materials. The tensile axis was selected to be parallel to the
diameter direction.

Plane strain fracture toughness tests were carried out
according to ASTM-E-399 (Ref 25) by MTS810 testing
machine. The specimens were three-point bending samples
10 mm in width and 5 mm in thickness. The V-notch was
normal to the diameter direction. Figure 1 shows the cutting
position and dimensions of samples. Before fracture toughness
test, fatigue crack test was performed to insert a fatigue pre-
crack in the specimen, and the pre-crack length was between
0.45 and 0.55W, where W was the width of the samples. The
plane strain toughness tests were carried out with a cross-head
speed of 1 mm/min at room temperature. In order to analyze the
stretched zone, which was the trace of the blunt crack tip, the
fracture surface after plane strain toughness test was examined
by SEM and Wyko NT9100 optical surface profiler mi-
croscopy. The micro-hardness on the cross section after fracture
toughness test was also measured by an HVS-1000 Vickers
hardness tester. The applied load and holding time were 4.9 N
and 15 s, respectively.

3. Results and Discussion

Figure 2 shows XRD patterns of as-forged, T5, and T6
specimens. Three phases were designated as a-Mg,
b-Mg17Al12, and MgZn2 from the results. The highest peak
of b-Mg17Al12 could be found in T6 sample, followed by T5
sample and almost negligible amount of b-Mg17Al12 was
observed in as-forged sample. There was no significant change
of MgZn2 observed after T5 and T6 treatments. This result

indicated that more b-Mg17Al12 appeared after T5 and T6 heat
treatments.

The microstructures of specimens are revealed in
Fig. 3(a)-(h). The left- and right-side figures in Fig. 3(a)–(f)
depict the structures observed by optical microscopy and SEM,
respectively. In this paper, all the average grain sizes were
measured using the Image-Pro Plus 5.0 software with more than
1000 grains. Figure 3 shows the optical micrographs of as-
forged (a), T5 (c), and T6 (e) specimens. The average grain sizes
of the as-forged, T5, and T6 were measured to be 39.3, 40.3, and
46.1 lm, respectively. Compared to the as-forged specimen, the
average grain size of T5 specimen was nearly unchanged after
aging treatment, while the average grain size of T6 specimen
grew up obviously. The main reason for this phenomenon was
the high-temperature solution treatment during T6 treatment.
These changes of grain size are in agreement with the results of
previous studies. Chengling et al. (Ref 26) and Palai et al.
(Ref 27) reported that the grain size of solution-treated sample
was larger than that of the untreated sample. In addition, Yazhe
et al. (Ref 28) reported that the grain size of AZ80 magnesium
would grow up significantly after solution treatment at 698 K
for 1-3 h. Figure 3 also shows the SEMmicrograph of as-forged
(b), T5 (d), and T6 (f) specimens. As shown in Fig. 3(b), only a
few small precipitates are observed at grain boundaries. After
heat treatment, a large quantity of precipitates were observed at
the grain boundaries and in the interior of grains in Fig. 3(d) and
(f). After calculating the precipitation regions in Fig. 3(d) and (f)
with software, the region of precipitation was a litter wilder in
T6 specimen than in T5 one. This might be caused by the
decomposition of the super-saturated solid solution into
b-Mg17Al12 and a-Mg during T6 treatment (Ref 29). Figure 3(g)
and (h) shows the magnified views of precipitates in T5 and T6
specimens, respectively. Lamellar-type precipitates were recog-
nized dominantly in T6 specimen while large numbers of small
particle-type precipitates were diffused in T5 specimen. To
identify these precipitates, energy-dispersive spectrometer
(EDS) analysis was conducted, as shown in Fig. 4. From the
EDS result, the precipitates were proved to be b-Mg17Al12 since
the chemical composition of Mg and Al was 66.8 and 32.5%,
respectively. Yoon et al. (Ref 30) reported that with the
increasing aging time, the b-Mg17Al12 precipitates gradually

Fig. 1 Illustration of the sample cutting position

Fig. 2 XRD diffraction patterns of various AZ80 specimens
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increased on the a-Mg in Mg-8Al-0.5Zn alloys. Braszczyńska-
Malik (Ref 29) also reported that at 423 K, AZ91 magnesium
separates out discontinuous precipitates, while at 473 K, it
separates both discontinuous and continuous precipitates.
Figure 5 shows the TEM microstructures of specimens. It also
noted that b-Mg17Al12 precipitates were produced by heat
treatment.

The engineering stress-strain curves of as-forged, T5, and
T6 specimens are shown in Fig. 6. The results of tensile tests at
room temperature are listed in Table 1. Two important trends

could be inferred from these plots. First, compared with the
as-forged specimen, both the yield strength and ultimate tensile
strength of T5 and T6 specimens were significantly improved
due to the precipitation strengthening of b-Mg17Al12. Second,
the elongation of T5 and T6 specimens was decreased owing to
the formation of b-Mg17Al12 and grain growth. Furthermore,
T5 specimen showed the highest yield strength with the lowest
elongation. These tendencies correlated with the results given
in Fig. 9, wherein the hardness of the heat treatment specimen
increased rapidly. In Fig. 6, the strain hardening phenomenon is

Fig. 3 Microstructures in AZ80: (a) and (b) as-forged, (c) and (d) T5, (e) and (f) T6. The left- and right-side figures depict structures observed
by an optical microscope and SEM, respectively. The magnified views of precipitates photographs: (g) T5, (h) T6
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observed. These facts indicated that the T5 and T6 heat
treatments were effective in improving the mechanical proper-
ties of magnesium, which is in agreement with the results of
previous reports (Ref 21, 30, 31).

Fracture morphologies of as-forged, T5, and T6 specimens
are shown in Fig. 7. The left and right side figures depict
fracture surfaces after fracture toughness tests and tensile tests,
respectively. The stretched zone (SZ for short) exists between
the fatigue pre-crack and fracture surface. The pre-crack
propagated direction and the SZ are marked in Fig. 7.
Figure 7(a) and (b) shows the fracture surfaces of as-forged

specimen, and many dimples and some cleavage step patterns
are presented. On the contrary, the fracture surfaces of T5
specimen (Fig. 7c and d) and T6 specimen (Fig. 7e and f) are
shown with many cleavage step patterns and few dimples.
Inspection of the fracture surfaces reveals that the as-forged
sample show the ductile fracture feature, while the T5 and T6
specimens show brittle fracture feature.

Stretched zone height (SZH for short) analysis has been
frequently used to estimate the plane strain fracture toughness,
KIC, for thin samples (Ref 8, 9, 11-15). Broek deduced a
formula with the relationship between the SZH and the critical

Fig. 4 EDS analysis of precipitates after T5 heat treatment

Fig. 5 TEM microstructures of AZ80 alloys: (a) as-forged, (b) T5, (c) T6
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crack tip opening displacement and calculated the value of KIC

(Ref 32). Krasowsky and Vainshtok (Ref 33) quantitatively
analyzed the relationship between stretched zone parameters
and fracture toughness of ductile structural steels. Therefore,
the SZH analysis can also be used to calculate the value of KIC.
In this method, a sine wave alternating load was applied to the
specimen having a sharp pre-crack. And the pre-crack itself
blunted and moved forward normal to the span of the specimen
to produce the SZ with the load. The SZH is closely related
to the value of KIC as given in the following equation
(Ref 11, 12, 34):

KIC ¼
2� SZH� k� E � rYS

ð1� mÞ2

( )1=2

; ðEq 1Þ

where SZH is the value of SZH measured by optical surface
profiler microscopy, k is a constant (=2) (Ref 35), rys is the
tensile yield strength (listed in Table 1), E is Young�s modu-
lus, and t is the Poisson ratio (=42 GPa and 0.30 (Ref 36)
for pure magnesium alloy, respectively). The cross-section
profiles of the samples are shown in Fig. 8, indicating the
value of SZH. The calculated values of the fracture toughness
of the specimen, K, by Eq 1 are listed in Table 2. The calcu-
lated values of fracture toughness, K, are lower than the val-
ues of KQ in each sample. Thus, K is accepted as the value
of KIC. The values of KIC shown in Table 2 are 17.9, 23.8,

and 21.0 MPa m1/2 in as-forged, T5, and T6 specimens,
respectively. Compared with the as-forged specimen, both the
KIC values of T5 and T6 specimens were significantly im-
proved. Moreover, KIC value of T5 specimen was higher than
that of T6 specimen due to the diffusion of small particle-
type b-Mg17Al12 precipitates and the smaller grain size. It
was easy to illustrate that the fracture toughness of as-forged
sample could be improved by heat treatment.

The plastic zone was created ahead of the fatigue pre-crack
tip and SZ to avoid fracture occurrence. The plastic zone size
was generally dependent on the fracture toughness and was
directly measurable in principle by several methods, e.g.,
preferential etching, through recrystallization measurement of
void regions (Ref 37) or micro-hardness measurement (Ref 12,
38). In this study, the micro-hardness measurement was carried
out on the cross-section of specimen. The hardness was
measured at ten points (100 mm apart) off the origin fracture
which was the beginning of fracture region. The hardness as a
function of the distance from the origin of fracture for
as-forged, T5, and T6 specimens is shown in Fig. 9, where
the straight lines indicate the initial hardness values on each
material. The initial hardness of as-forged, T5, and T6
specimens was 65.3, 82.1, and 80.1 HV, respectively. The
hardness near the SZ was much higher than the initial hardness
of each sample, and it decreased gradually from the origin of
fracture to rest. It suggested that when stress is applied on the
specimen, strain hardening could easily occur in the adjacent
rupture region, the plastic zone. It was because of the
dislocation piled up at the grain boundary or some precipitates
and the dislocation interaction. From Fig. 9, it was easy to find
that the T5 specimen exhibited a larger hardening region than
the T6 specimen. Similarly, T6 specimen also revealed a larger
hardening region than the as-forged one. From the economic
point of view, T5 heat treatment is more energy saving and
efficient than T6 treatment owing to the reduction of solidifi-
cation step. And the plastic zone size was sensitive to
mechanical properties (Ref 12), such as yield strength and
strain hardening exponent.

4. Conclusion

In this paper, T5 and T6 heat treatments were applied to the
as-forged AZ80 magnesium alloy. The microstructures, XRD,
precipitation, and mechanical properties of the alloys under
different conditions were investigated to study the effect of heat
treatment on fracture toughness at room temperature. The
following conclusions can be obtained:

Fig. 6 Engineering stress and engineering strain tensile curve at
room temperature of AZ80 alloys

Table 1 The results of tensile tests at room temperature

Material Tensile yield strength, rys, MPa Ultimate tensile strength, rb, MPa Elongation, d, % n

As-forged 194.7 295.8 16.7 0.17
T5 244.3 338.6 10.1 0.33
T6 225.9 325.7 10.5 0.32
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(1) The lamellar-type and particle-type b-Mg17Al12 pre-
cipitates separated out after T5 and T6 heat treatments.
T5 specimen displayed a grain size (40.3 lm) similar to
that of as-forged specimen (39.3 lm) but smaller than
T6 specimen (46.1 lm).

(2) After T5 and T6 heat treatments of the as-forged AZ80
magnesium alloy, there was an obvious improvement
in the mechanical properties such as yield strength
(YS) and ultimate tensile strength (UTS) at room
temperature.

Fig. 7 The fracture surface SEM micrographs of the AZ80 alloys: (a) and (b) as-forged, (c) and (d) T5, (e) and (f) T6. The left- and right-side
figures are the fracture surfaces after the plane strain fracture toughness tests and tensile tests, respectively
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(3) The plane strain fracture toughness (KIC) of as-forged
specimen was measured to be increased from 17.9 to
23.8 and 21.0 MPa m1/2 after T5 and T6 heat treat-
ments, respectively. And T5 heat treatment is more eco-
nomical and efficient than T6 treatment.

(4) The effect of heat treatment on the fracture toughness of
as-forged AZ80 magnesium alloy was related to grain
size and precipitation of b-Mg17Al12.

Fig. 8 The cross-section profiles on the surface after plane strain fracture toughness tests: (a) as-forged, (b) T5, (c) T6

Table 2 The results of plane strain fracture toughness
tests

Material SZH, lm K, MPa m1/2 KQ, MPa m1/2 KIC, MPa m1/2

As-forged 4.8 17.9 19.2 17.9
T5 6.8 23.8 25.6 23.8
T6 5.7 21.0 23.8 21.0

K is the calculated fracture toughness based on stretched zone height
analysis. KQ is the fracture toughness according to ASTM-E399 and
KIC is the plane strain fracture toughness

Fig. 9 The hardness as a function of the distance from the origin
of fracture on AZ80 alloys
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