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Introduction

Magnesium alloys are very lightweight materials. 
The density of Mg alloys is only 65% of the density 
of commonly used aluminum alloys. Thus, replace-
ment of aluminum alloys by magnesium ones allows 
weight reduction without compromising overall 
strength. Moreover, Mg alloys are an alternative 
to some engineering plastics due to their higher 
stiffness and recycling capabilities. These features 
make Mg alloys promising engineering materials for 
automotive and aerospace industries. 

The fatigue performance of load-bearing Mg parts 
has to be improved to fulfi ll the high requirements 
of the industry for mechanical properties. This 
goal is usually achieved by shot peening or roller 
burnishing the surface of the parts. It was found 
that the latter method results in a greater increase 
in the fatigue strength [1, 2]. Roller burnishing is 
a manufacturing process used to improve surface 
roughness, increase hardness of the surface layer, 
and introduce compressive residual stresses. Mg 
alloys are classifi ed into cast and wrought alloys. 
Most previous investigations of roller burnishing 
of Mg alloys were carried out on wrought alloys 
[2–4], thus it seems interesting to extend studies 
to cast alloys, e.g. AZ91HP. 

The objective of the current study is to determine 
the effect of roller burnishing on the defect structure 
in AZ91HP Mg alloy. The standard Vickers’ method 
was supplemented by positron annihilation lifetime 
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spectroscopy (PALS) to obtain complementary data. 
The possibility of studying effects of burnishing 
in the surface layer of steel and titanium alloys using 
this method has already been tested [5, 6]. In this 
work, we will evaluate PALS capability to investi-
gate structure changes caused by roller burnishing 
of an Mg alloy. 

Materials

The AZ91HP alloy is a cast Mg alloy characterized 
by great purity and corrosion resistance. This alloy is 
used mainly in the aircraft, automotive, and electri-
cal industry. Bar-shaped samples with dimensions 
4 mm × 15 mm × 100 mm made of the AZ91HP Mg 
alloy were used. The AZ91HP alloy composition is 
presented in Table 1. 

The surface of the samples was milled before bur-
nishing. No heat treatment was applied to keep the 
conditions used in the industry. Then the samples 
were fi xed on the frontal area of a dedicated lathe 
chuck. They were burnished on a lathe roller using 
a burnisher ball. The diameter of the burnisher ball 
D = 16 mm and burnishing speed v = 56 m/min 
were constant for all samples. The variable param-
eter of burnishing was force F, which was changed 
between 150 N and 750 N at the constant feed f = 
0.14 mm/rev. Alternatively, the feed f was changed 
within a range of 0.05–0.62 mm/rev. at the constant 
burnishing force F = 450 N. 

Experimental

Microhardness measurements were made using a 
LECO’s LM700AT microhardness tester. The bur-
nished surface of the samples was tested using the 
Vickers’ method with the load of 0.981 N. 

The PALS measurements were conducted using 
a standard fast-slow delayed coincidence spectrom-

eter. The 22Na positron source inside a Kapton enve-
lope was placed between two bars of the Mg alloy, 
which were subjected to the same treatment. Such 
a sandwich-shaped sample was placed between two 
scintillation detectors equipped with BaF2 scintilla-
tors. The resolution curve was approximated by a 
single Gaussian with average FWHM = 240.4(4) ps. 
Positron annihilation lifetime spectra were collected 
for 24 hours for each sample, which guaranteed that 
the total count number reached 107. 

PAL spectra analyses were performed using the 
LT program [7]. The contribution of positrons an-
nihilating inside the Kapton envelope with a lifetime 
of 374 ps was fi xed at 12%. This is in good agreement 
with Ref. [8], where the fraction of annihilation in 
Kapton was found to be 12% in Kapton foil with the 
same thickness between Mg samples as well as with 
Monte Carlo simulation [9], which gives 11.7%. 

Results and discussion 

The results of microhardness measurement (Fig. 1) 
show a great impact of ball burnishing on the harden-
ing of the surface layer. Its microhardness increases 
by 40% at both the greatest burnishing force (F) 
and the greatest inverse of feed (1/f) (i.e., density of 
burnishing tool passes). However, the dependences 
of microhardness on these parameters are different. 
The dependence on F is almost linear, thus its further 
increase could give even greater hardening. In turn, it 
seems that a further increase of 1/f would not result 
in a signifi cant increase in microhardness, because 
at 20 rev./mm it almost reached its saturation. 

A single positron component with a lifetime of 
219.7(4) ps was found in the non-burnished sample 
of the AZ91HP Mg alloy. A single component spec-
trum is often observed in untreated Mg-rich alloys, 
but usually its lifetime is closer to 225 ps [8, 10–13]. 
However, a lifetime of 220 ps was also reported 
[14]. There are two ways of explaining the lack of 

Table 1. Chemical composition of the AZ91HP Mg alloy

Element Mg Al Zn Si Ni Mn Cu Fe

Mass fraction [%] Balance 9.45 0.72 0.03 0.025 0.017 0.016 0.002

Fig. 1. Microhardness of the AZ91HP Mg alloy as a function of the burnishing force at 1/f = 7.1 rev/mm (left) and 
the inverse of feed at F = 450 N (right).
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other components: either all positrons annihilate in 
bulk Mg because the concentration of open-volume 
defects is lower than the PALS detection threshold 
(10–6) [11] or, in contrast, all positrons are trapped in 
defects. The lifetime expected for the Mg bulk value 
was found to be between 218 ps and 225 ps [10, 
15–18]. Thus, the lifetime observed in the AZ91HP 
alloy would rather point to the fi rst explanation. 
However, the comparison between positron lifetimes 
and Doppler broadening study [8, 14] shows that 
the same lifetimes are observed for positrons trapped 
in vacancies in a solute-rich environment (i.e., 
most likely, Al-vacancy or Zn-vacancy complexes 
in AZ91HP). Because the origin of this component 
cannot be determined based on its lifetime, it will be 
discussed based on two different methods of spectra 
analysis in the later part of the article. 

Our intention is to compare the PALS results with 
microhardness. Unfortunately, the changes of PAL 
spectra are much smaller than those of microhard-
ness. Approximating the spectra for all samples by a 
single component shows that the difference between 
their lifetimes is at most 2% (Fig. 2). The repeat-
ability of the results was verifi ed by the comparison 
of three subsequent measurements for F = 600 N, 
also presented in Fig. 2. The fairly good fi t (2 = 
1.03–1.34) indicates that the contribution of any 
other component is small, if it is present at all. The 
lifetime follows the changes in the microhardness, 
when F is changed at the constant feed. In turn, it 
reaches saturation much faster than the microhard-
ness for the dependence against 1/f. 

The interpretation of the PAL spectra in terms of 
the microstructure requires quantitative results of a 
possibly accurate reconstruction of their components. 
This task is diffi cult due to the very subtle differences 
between the spectra. If we assume that before bur-
nishing only the bulk lifetime (b) was present and, 
a component originating from defects appears after 
it, the use of the two-state simple trapping model 
(STM) [19] is appropriate. According to the STM, 
b is given by 

(1) 

that is, a combination of the intensities (Ii) and 
lifetimes (i) of two components (i = 1, 2) present 
in a spectrum. Additionally, the positron-trapping 
rate in defects () is given by 

(2)                                                 .

A scatter that blurs the results could be avoided 
only if the lifetimes in a bulk and defects were assumed 
as the fi tting parameters, whose values are common 
for all spectra. The lifetime b = 220.0(1) ps obtained 
in this way is consistent with the lifetime observed 
in the non-burnished sample. The lifetime in defects 
2 = 281(7) ps is intermediate between lifetimes char-
acteristic for dislocation (~255 ps) and monovacancy 
(~300 ps) in Mg [15, 17, 18]. This suggests that both 
these defects exist in the samples. This also proves 
that assuming the common value of this lifetime in all 
samples is only a rough approximation, because it is 
hardly possible that the ratio between these two de-
fects is the same in every sample. The intensity of the 
component related to defects and the positron trapping 
rate follow the same tendency as the lifetime in the 
single component analysis (Fig. 3). This confi rms that 
the changes in the lifetime in the single component 
analysis are in fact caused by the varying contribution 
of the second component. The fi t obtained using STM 
(2 = 1.04–1.29) is practically the same as in the single 
component analysis. Thus, STM analysis does not 
provide a signifi cantly more accurate reconstruction 
of the spectra. 

Another approach to the analysis of the spectra 
is fi tting two components regardless of the STM. 
Rejection of the constraints imposed by the STM 
resulted in fi nding a very similar lifetime (1) of the 
short-lived component for all spectra and reduction 
of the scatter of the results. The average value of this 
lifetime <1> = 220(1) ps is again consistent with the 
result of the single component analysis. In contrast, 
the lifetime of the long-lived component (2) differs 
signifi cantly among the spectra. It is clearly longer 
(<2> = 471(111) ps) than the one obtained from 
the STM analysis. A further decrease in the scatter 
was achieved by fi xing 1 at its average value. It did 
not cause any deterioration of the fi t, which was 

Fig. 2. Lifetime of positrons obtained by single component fi tting in the AZ91HP Mg alloy as a function of the bur-
nishing force at 1/f = 7.1 rev/mm (left) and the inverse of feed at F = 450 N (right).
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clearly better compared to the previous analysis (2 = 
0.96–1.10). The lifetime 2 decreases with an increase 
in F and 1/f (Fig. 4), but it is diffi cult to interpret 

until it falls below ca. 440 ps, which is a saturation 
lifetime for very large clusters of vacancies in Mg 
[17, 18]. Therefore, 2 is most likely overestimated 

Fig. 3. Positron trapping rate and intensity of the component related to defects obtained by fi tting STM in the AZ91HP 
Mg alloy as a function of the burnishing force at 1/f = 7.1 rev/mm (left) and the inverse of feed at F = 450 N (right).

Fig. 4. Lifetime and intensity of the long-lived component obtained by two component fi tting in the AZ91HP Mg alloy 
as a function of the burnishing force at 1/f = 7.1 rev/mm (left) and the inverse of feed at F = 450 N (right).
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due to too low I2 if it is below 0.5%. Alternatively, 
this component can be a mixture of the lifetime in 
vacancy clusters and a long-lived o-Ps lifetime in the 
positron source (NaCl). In such a case, the observed 
component is an average lifetime. Even very small con-
tribution (~0.1%) from the source predominates if the 
concentration of the vacancy clusters is low. For the 
same reasons, the result for the non-burnished sample 
confi rms only that no component related to defects is 
present in this sample and should not be taken into 
account. For intensities above 1%, 2 stabilizes at ca. 
350 ps, which corresponds to four vacancy clusters. 
Still, we cannot reject that large vacancies are formed 
at small F and 1/f. The intensities I2 are much lower 
than in the STM analysis. Their dependencies vs. F 
and 1/f are most similar to dependencies of microhard-
ness among all the presented. 

Conclusions

The poor susceptibility of PAL spectra to the 
changes in the magnesium alloy caused by ball 
burnishing makes analysis of the data and interpre-
tation of the results challenging. Among the three 
presented methods of analysis, the two-component 
analysis seems to give the most reliable results. 
They are most consistent with the results of mac-
roscopic Vickers’ method. Although the lifetimes 
for F smaller than 400 N are overestimated, the rest 
of the results allow determination of most likely 
changes in the microstructure of the AZ91HP Mg 
alloy. A small number of large clusters of vacancies 
are formed when the feed is large or the burnishing 
force is small. The clusters become smaller (i.e., they 
contain several vacancies) and their concentration 
grows if the force increases or the feed decreases. 
The short-lived component can hardly be attributed 
to positron annihilation in bulk material, because in 
such a case its lifetime would not be constant among 
the samples, as shown by the STM. Thus, it is most 
likely that this component is in fact annihilation of 
the positrons trapped in a solute-vacancy complex. 
In such a case, no positron transfer from this state to 
another one would be present. Instead, there would 
be only competition between positron trapping in the 
solute-vacancy complexes and the vacancy clusters. 
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