
JOURNAL OF MATERIALS SCIENCE 30 (1995) 1313-1320 

Effects of manganese dispersoid on the mechanical 
properties in AI-Zn-Mg alloys 

DONG SEOK PARK 
Defense Quality Assurance Agency, P.O. Box 276, Cheongryang, Seoul, 130-650, Korea 

SOO WOO NAM 
Department of Materials Science and Engineering, Korea Advanced Institute of Science and 
Technology, 373-1, Kusong Dong, Yusung Gu, Taejon, Korea 

In order to investigate the strengthening effect of manganese dispersoid in manganese- 
added AI -Zn-Mg alloys, specially designed alloys with various manganese content were 
prepared and evaluated. The manganese dispersoid in the alloy is found to increase the 
strength significantly without losing much elongation. The strengthening effect originates 
from the fact that the manganese dispersoid behaves as the non-shearable particle which is 
composed of AI, Mn and Zn. It can be concluded that the improvement of mechanical 
properties by the manganese dispersoid without losing much elongation is due to the 
strengthening effect produced by the pinning action of the dispersoid on dislocation glide 
and the enhancement effect in elongation caused by a homogenization of slip. Meanwhile, 
the manganese dispersoid and soluble manganese element in the peak-aged manganese- 
added AI -Zn-Mg alloys are observed not to influence the width of the precipitate-free zones 
(PFZ) and the kinetics of precipitates such as rl' and GP zone (solute rich cluster). 

1. Introduction 
High-strength aluminium alloys such as A1 7075, A1 
7050 and A1 2024 are widely used in many applica- 
tions for their good combinations of high strength and 
good resistance to stress corrosion cracking. However, 
their poor weldability limits their applications. The A1 
7039 and A1 7017 aluminium alloys, which have lower 
strength than A1 7075, are known as promising mater- 
ials for improving weldability. 

It has been reported that the addition of Zr, Cr 
and Mn in commercial aluminium alloys can form 
fine dispersoids of 0.03 to 0.3 gm. These disper- 
soids strongly affect fracture toughness, recrys- 
tallization characteristics and grain structure 
[1-4]. The principal roles of these dispersoids 
are retardation of recrystallization and grain 
growth [4-7]. In aluminium alloys zirconium disper- 
soid, A13Zr, is known as the tetragonal and 
cubic structures that have a unique coherent rela- 
tionship with the matrix, unlike other dispersoids 
[7-10], which significantly refines the grain size with- 
out raising quench sensitivity [3, 4, 7, 12]. On the 
other hand, chromium dispersoid, E-phase 
(AllsMg2Cr3), is incoherent with the matrix [9, 10] 
and increases strength sufficiently while raising 
quench sensitivity [12]. In the case of manganese 
dispersoid in an A1-Zn-Mg alloy, even though its 
crystal structure and composition have not been re- 
ported clearly, it has been observed that its size is 
nearly the same as that of the chromium dispersoid 
and that it is incoherent with the matrix without 
raising quench sensitivity [4, 11, 12]. 
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The main purpose of this research is to study the 
effect of manganese on the tensile properties in 
AI-Zn-Mg alloys. In addition, the morphology 
of Mn dispersoid and the effect of Mn dispersoid 
on the precipitation in AI-Zn-Mg alloys are 
examined. 

2. Experimental procedures 
Four kinds of A1-Zn-Mg-Mn alloys were prepared 
with varying Mn content, as shown in Table I. These 
alloys were prepared by melting 99:99% pure alumi- 
nium, aluminium-manganese master alloy (Mn: 
75 wt %) and other alloying elements. For degassing, 
Ar gas was blown into the melt for 5 rain, then poured 
into a preheated (150~ metal mould. The ingots 
were homogenized by heating for 24 h at 460 ~ The 
alloys were hot-extruded at 395 ~ to make a bar, 
which was 28 mm thick and 52 mm wide with an 
extrusion ratio of 11.4. The fabricated alloys were 
solutionized in air at 460 ~ for 90 min followed by 
quenching in water. These quenched bars were 
stretched to give about 2.5% strain with a strain rate 
of 4 x 10- 3 s- 1, and aged at room temperature for 96 
h. To give the maximum yield strength, each alloy was 
peak-aged by double-ageing [13, 14] at 97~ for 
8 hours and 140 ~ for 10 h. 

The mechanical properties of the alloys were meas- 
ured with the standard sub-size sheet type tensile 
specimen. Its tensile axis was coincident with the lon- 
gitudinal extruded direction. To observe the effect of 
manganese on the mechanical behaviour of the alloys, 
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TAB LE I Chemical composition of aluminium alloys (wt %) 

Alloy Zn Mg Zr Mn Cr Si Ti A1 

Alloy 1 4.70 2.80 0.11 0.07 - 0.02 balance 
Alloy 2 4.38 2.97 0.18 0.50 - 0.01 0.01 balance 
Alloy 3 4.11 2.90 0.13 0.68 0.01 - 0.01 balance 
Alloy 4 4.20 2.97 0.18 1.13 0.02 0.02 0.01 balance 

some of the specimens were solutionized and then 
tensile tests were carried out. 

The microstructures were examined by TEM 
(Jeol-Jen 200CX) equipped with an energy dispersive 
X-ray analyser which confirmed the manganese dis- 
persoid. The slip band distribution was examined by 
TEM with the specimen deformed up to 1% plastic 
strain. Thin foils were prepared by using the twin-jet 
polishing technique, using a 70% nitric acid and 30% 
methanol mixture at - 25 ~ The image analyser was 
used to determine the distribution and spacing para- 
meter of the manganese dispersoid. The fracture sur- 
face of the tensile specimen was examined using 
a scanning electron microscope (SEM). To measure 
the heat of formation of the various precipitates, a dif- 
ferential scanning calorimeter (Perkin Elmer Model 
DSC4) was used with a scanning rate of 20 ~ 

3. Results and discussion 
3.1 Microstructure 
The typical peak-aged microstructures of the alloys 
tested in this work are shown in Fig. 1 for the precipi- 
tates and precipitate-free zones (PFZ). In order to 
observe the particles clearly, dark-field images were 
taken as shown in Fig. 2 in which the marked particles 
were identified by the analysis of selected area diffrac- 
tion patterns. Except for the manganese dispersoid 
resulting from the addition of manganese, all of the 
alloys were shown to have the same microstructure 
consisting of rl' precipitate and Zr dispersoid (A13Zr), 
regardless of manganese content. However, the GP 
zone (may be smaller than 10 nm), which is not shown 
in the dark-field micrograph, is considered to prob- 
ably coexist with r I' precipitate in the matrix of 
a peak-aged A1-Zn-Mg alloy. Therefore, it is believed 
that the microstructures of all of the alloys consist of 
the GP  zone, q'  precipitate and Zr dispersoid. In 
addition to these particles, the manganese-containing 
alloys 2, 3 and 4 are observed to have Mn dispersoid. 
From this it might be suggested that the addition of 
manganese to an A1-Zn-Mg alloy does not influence 
the kinetics of the precipitates such as r I' and the GP  
zone during the two-step ageing treatment. 

Fig. 3a, b, c and d show the change in the distribu- 
tion of the dispersoid with manganese content. These 
results illustrate that the number of rod-type particles, 
which are considered to be the manganese dispersoid, 
increases with the manganese content in each alloy. 
However, their size and morphology are observed not 
to be influenced by manganese content. The detailed 
measurements of the manganese dispersoid are listed 
in Table II. To analyse the chemical composition of 
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Figure 1 A typical microstructure of matrix without Mn disper- 
soids showing the same precipitate and PFZ which are independent 
of manganese content. (a) Alloy 1, (b) Alloy 2. 

the dispersoid, an X-ray energy dispersive micro- 
analyser in TEM was used, and the result is shown in 
Fig. 4. In this figure, it is clearly shown that the 
dispersoid is composed of only A1, Mn and Zn. How- 
ever, it was impossible to determine the composition 
quantitatively because we could not get the standard 
specimen determining the K-constant characterizing 
the elemental sensitivity and collection efficiency for 
the elements [15]. We only suppose that these par- 
ticles are Alz4MnsZn, since the composition of man- 
ganese dispersoid in an A1-Zn-Mg alloy which does 
not contain other elements such as Fe and Si has been 
reported to be Alz4MnsZn [16]. 

Consequently, in TEM work it is important to note 
that the addition of manganese to an A1-Zn-Mg alloy 
does not influence the kinetics of the conventional 
precipitation at all, and the density of manganese 
dispersoid uniquely increases with manganese content 
without changing its morphology and size. 



Figure 2 Dark-field transmission electron micrographs showing rl' 
precipitate, A13Zr particle and Mn dispersoid. B=[01 1], 
g = [022]. (a) Alloy 1, (b) Alloy 2. 

3.2 Differential Scanning Calorimetry (DSC) 
To see if the added manganese content influences the 
kinetics of the precipitates such as G P  zone, 1]' and 
q precipitate, differential scanning calorimetry (DSC) 
was used to measure the heat of formation of the 
precipitates. The DSC curves for the four alloys, which 
were peak-aged, are shown in Fig. 5a and b, and the 
characteristic results from these curves are sum- 
marized in Table 3. These results show that the shape 
of DSC curves and the peak temperature on the first 
endothermic reaction for each alloy are the same as 
the characteristics of A1 7050-T6 shown in Alder and 
Delasis's result [17]. However, the hear of reaction 
AHR presented in Table III  is considerably lower than 
that found by Alder [17], and this difference is sup- 

posed to be caused by the different volume fraction of 
G P  zone and 1]' precipitate due to compositional 
differences such as zinc and magnesium between A1 
7050 and our alloys. Thus it is believed that for each 
alloy the endothermic reaction in the temperature 
range 160-230~ corresponds to the dissolution of 
the G P  zone and rl' precipitates in the matrix, since in 
the DSC technique an endothermic peak describes the 
dissolution of the existing matrix precipitate, and over 
the temperature range from near 230 to 280~ the 
observed exothermic reactions are considered to be 
the formation and growth of 1]' and r 1 precipitates 
during DSC analysis. On the other hand, the last 
endothermic peak in the temperature range 
290-390 ~ is thought to be associated with the dis- 
solution of r l precipitates formed during DSC analy- 
sis. F rom the above DSC results, it can be known that 
the microstructure of each peak-aged alloy consists of 
a mixture of G P  zone and r I' precipitates as examined 
in TEM observation. 

Meanwhile in the DSC study, the manganese dis- 
persoid in the alloys is not thought to be transformed 
at all up to the solid solution temperature range, since 
there is no evidence of the reaction peak up to above 
400 ~ as shown in Fig. 5a and b. This interpretation 
seems to be reasonable on the basis of the facts that 
the manganese or chromium dispersoid was formed 
from the solid solution during the lengthy homogeniz- 
ing treatment [18] and casting [19] and that they were 
not dissolved during solution treatment before ageing 
[20]. 

The most important  fact is that the DSC results for 
the four aluminium alloys in the range 0.07-1.13 wt % 
of Mn, as shown in Fig. 5 and Table III,  are very 
similar to each other, particularly on the peak temper- 
atures and the heat of reaction in the temperature 
range 160-230~ Therefore, elemental manganese 
and manganese dispersoid in an A I - Z n - M g  alloy 
could scarcely affect the formation of the precipitates 
during ageing, and so the role of manganese in the 
precipitation is entirely different from that of other 
elements such as Cr and Cu which enhance the forma- 
tion of rl' or G P  zone by increasing the nucleation 
sites for preferential precipitation [11, 21]. Thomas 
and Nutting [21] reported that manganese appeared 
to increase the quantity of G P  zone and enhance the 
growth rate of q'. Bryant [11] also inferred that man- 
ganese to a lesser degree could confer upon aluminium 
alloy an ability to nucleate the preferential precipita- 
tion of the solute. However, an increase of q '  precipita- 
tion must be due not to Mn but to Cu or preferably 
Cr, since they used several A1-Zn-Mg alloys contain- 
ing various amounts of Cu or Cr [22] and did not 

TABLE II The characteristics of the manganese dispersoids 

Alloy Particle Particle Particle Area Interspacing 
length (gm) dia. (gm) density (m-2) fraction (gin) 

Alloy 2 0.37 _+ 0.15 0.12 _+ 0.04 0.52 x 1012 0.0174 1.15 __ 0.75 
Alloy 3 0.30 _+ 0.20 0.12 _+ 0.04 0.82 x 1012 0.0464 0.68 - 0.50 
Alloy 4 0.41 i- 0.24 0.15 + 0.05 1.05 • 1012 0.12 0.40 4- 0.4 
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Figure 3 Bright-field transmission electron micrographs showing the effect of Mn content on the distribution of dispersoid. (a) Alloy 1, (b) 
Alloy 2, (c) Alloy 3, (d) Alloy 4. 
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Figure 4 EDS X-ray spectra taken from the Mn dispersoid shown 
in Fig. 3c. 

eliminate the possible influence of these extra alloying 
elements; thus these suggestions cannot easily be ac- 
cepted. From the above discussion it can be suggested 
that the manganese dispersoids and soluble elemental 
manganese in an A1-Zn-Mg alloy not only do not 
have any effect on the precipitation reaction but also 
do not provide the nucleation sites for precipitates. 

3.3 Mechanical properties 
T h e  m e c h a n i c a l  propert ies  such  as y ie ld  strength,  ulti-  
m a t e  tensile strength (UTS) and elongation for the 
four alloys are shown in Fig. 6. This shows that 
the yield strength and ultimate tensile strength 
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TABLE III DSC characteristics of the A1-Zn-Mg-Mn alloys 

Alloy Region Peak temp. Heat of reaction 
(temp. range, ~ (~  AHR(Cal/g) 

Alloy 1 1 (160-231) 202 1.09 • 0.1. 
2 (231-275) 254 0.61 • 0.1 

Alloy 2 1 (161-234) 202 1.15 • 0.2 
2 (229-278) 254 0.59 + 0.1 

Alloy 3 1 (167-234) 204 1.12 • 0.15 
2 (234-287) 253 0.64 • 0.1 

Alloy 4 1 (157 229) 202 1.12 • 0.15 
2 (229-276) 253 0.71 • 0.1 
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Figure 6 Effect of Mn content on tensile properties O U T S ,  A YS, 
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significantly increase with the addition of manganese, 
although there is a slight decrease in elongation. The 
important finding is that the enhancement of the yield 
strength and ultimate tensile strength caused by the 
addition of 0.68 wt % and 1.13 wt % manganese is so 
significant that the yield and ultimate tensile strength 
of our alloys are measured to be about 20% higher 
than those of the best weldable aluminium alloy, A1 
7039-T6 [23]. And it should be noted that the UTS of 
our alloys (Alloys 3 and 4) is even slightly higher than 
that of the non-weldable A1 7075-T6 [24], which is 
known to have the highest strength of about 570 MPa 
(UTS) among 7xxx series alloys. 

Regarding the surprising increase in strength, it is 
beIieved that the increase in yield strength and ulti- 
mate tensile strength without losing much elongation 
could be caused mainly by manganese dispersoid, 
since the matrix of the four alloys prepared in this 
study consists of a very similar mixture of the GP zone 
and 11' precipitate except for manganese dispersoid. 
Stoltz and Pelloux [25] reported that chromium and 
manganese dispersoids are classified as non-shearable 
particles. Therefore, in our alloys the beneficial im- 
provement in strength from the addition of manganese 
could be mainly attributed to the manganese disper- 
soid as the non-shearable particle. In Fig. 3, it can be 
seen that the density of the manganese dispersoid 
increases with manganese content. The effects of 
a manganese content on the size, density, interspacing 
and area fraction of the dispersoid are presented in 
Table II. As discussed previously, the size remains 
almost constant but the interspacing of the dispersoid 
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Figure 7 Engineering tensile curves of solution-treated specimens. 

drastically decreases with increasing manganese con- 
tent. Consequently, a dislocation takes higher shear 
stress to bow around the non-shearable dispersoids, 
since the shear stress on dislocation bowing by the 
non-shearable particle is inversely proportional to the 
particle interspacing. 

Fig. 7 can support the discussion mentioned above. 
It shows that the strength and hardening exponent (n) 
of the solutionized alloys containing manganese dis- 
persoid only increases with increasing manganese con- 
tent, but elongation noticeably decreases. Therefore, 
we can suppose that the non-shearable manganese 
dispersoid hinders the dislocation motion to enhance 
the yield strength and ultimate tensile strength as 
shown in Fig. 6. Furthermore, in Fig. 7, the plastic 
strain required for the onset of serration for each alloy 
gradually increases with manganese content. This 
phenomenon indicates that a solution hardening by 
Mg contributes considerably to the strengthening of 
the solutionized specimen of Alloy 1 which contains 
no manganese dispersoid. On the other hand, a disper- 
sion hardening effect caused by the non:shearable 
manganese dispersoid may contribute to the strength- 
ening of Alloys 2, 3 and 4 which contain increasing 
amounts of manganese dispersoid. However, unfortu- 
nately it is considered that an Orowan contribution to 
the yield stress by manganese dispersoid could hardly 
be evaluated theoretically with the Orowan equation, 
since there is another effect of manganese, such as 
grain refinement (See Fig, 9), which can also contrib- 
ute to the enhancement of the strength of the alloys. 

The values of the hardening exponent, n, and uni- 
form elongation, ~u, defined to be the total strain up to 
necking, are plotted in Fig. 8, which shows :that the 
values of n and ~u for the alloys containing manganese 
are nearly independent of the manganese dispersoid, 
except for Alloy 1 which contains practically no man- 
ganese dispersoid. This result may be explained by the 
interaction between dislocation and the manganese 
dispersoid. 

Assuming that the manganese dispersoids, as the 
non-shearable particles, only contribute to work hard- 
ening, the UTS will increase and the uniform elonga- 
tion will significantly decrease due to the reduction of 
the dislocation mean free path. This fact could almost 
be recognized by considering that a material contain- 
ing a dispersion of an intermetallic compound [26] 
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Figure 10 Effect of Mn content on slip spacing. 

and a precipitate-hardened aluminium-4.5 wt % cop- 
per alloy over-aged [27] could work harden more 
rapidly than a material without dispersion particles 
and under-aged aluminium-4.5 wt % copper alloy. If 
the tensile properties of the manganese-bearing alumi- 
nium alloys used in this study also behave in accord- 
ance with the above consideration, the UTS and hard- 
ening exponent will be increased, and at the same time 
the uniform elongation will be decreased. However, 
the results, as indicated in Figs 6 and 8, do not agree 
with this assumption. Therefore, the phenomenon,  
which has almost constant values for the hardening 
exponent and uniform elongation, as shown in Fig. 8, 

cannot be interpreted according to the above assump- 
tion, but may be explained by considering the slip 
band distribution shown in Fig. 9. In this figure, it can 
be seen that slip bands are regularly distributed in 
each grain, each with its own c o m m o n  slip direction, 
and the width or spacing of the bands is apparently 
decreased with increasing manganese content to give 
a homogeneous  band distribution. Therefore, a pro- 
gressive homogenizat ion of slip with increasing den- 
sity of manganese dispersoid seems to reduce the local 
strain or stress concentrations, and thus increase the 
uniform elongation and reduce the hardening expo- 
nent. Other workers [28-31]  have also reported that 

Figure 9 Comparison of the distribution of slip bands after 1% tensile strain: (a) Alloy 1, B = [013], g = [200], (b) Alloy 2, B = [011], 
g = [ 0 2 2 ] ,  (c) Alloy 3, B = [ 0 1 1 ] ,  g = [022 ] ,  (d) Alloy 4, B = [ !  12], g = [220] .  
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Figure 11 SEM micrographs of the tensile fractured specimens: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3, (d) Alloy 4. 

a homogeneous slip occurred in dispersoid-bearing 
aluminium alloys to enhance the elongation or ductil- 
ity. In particular, Prince and Martin [29] have sugges- 
ted that a local strain concentration is proportional to 
the slip band spacing and grain size (equal to slip band 
length), and that the maximum slip band spacing 
produced the maximum strain concentration. In this 
study the slip band spacing was also observed to 
decrease with increasing manganese content, as shown 
in Fig. 10. Moreover, our interpretation mentioned 
above is suggested on the basis of the observation that 
the fracture mode, as shown in Fig. 11, is almost the 
same in each alloy. In Fig. 11, it can be readily seen 
that the fracture mode is mainly transgranular regard- 
less of the amount of manganese dispersoid, although 
manganese dispersoid reduces the dimple size notice- 
ably. 

From the above discussion about the role of manga- 
nese dispersoids in the strengthening effect and a hom- 
ogenization of slip, we can readily understand that 
there is an interesting mutual competition between 
work hardening inducing the increase of the harden- 
ing exponent and a homogenization of Slip inducing 
the enhancement of uniform elongation by the manga- 
nese dispersoid. Therefore, it can be concluded that 
the manganese dispersoid makes the slip homogene- 
ous to reduce the local strain or stress concentration, 
and thus maintains nearly constant uniform elonga- 
tion and hardening exponent with significant increase 
in strength. 

4. Conclusions 
1. The size and morphology of the manganese disper- 
soid which result from the addition of Mn in an 
A1 Mg-Zn alloy are independent of manganese con- 
tent, but its density increases with manganese content. 
In addition, the manganese dispersoid in an 
A1-Zn-Mg alloy does not influence the formation GP 
zone and vl' precipitate. Therefore, the microstructures 
of GP zone, 11' precipitate and PFZ for each alloy are 
almost unchanged, regardless of the density of the 
manganese dispersoids. 

2. The addition of manganese content in the range 
0.68-1.13 wt % enhances the yield strength and ulti- 
mate tensile strength to a larger extent without much 
decrease in elongation, since the fine manganese dis- 
persoid can probably work as the non-shearable par- 
ticle. 

3. The manganese dispersoids significantly homo- 
genize slip bands to maintain the elongation or ductil- 
ity at a certain level since a homogenization of slip can 
reduce the local stress or strain concentration during 
plastic deformation. 
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