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ABSTRACT

In the recent years has been an increase in the use of magnesium alloys, particularly for the manufactu
automotive and aerospace components. The primary benefit of magnesium alloys in structural applicatio
their high strength to weight ratio in combination with the improved corrosion behaviour in case of the hi
purity alloys and the possibility to produce near net shape components with a very small wall thickne
However, an important problem for the designers is the lack of reliable data from suitable bars and r
castings. Therefore, fracture mechanics investigations were made to assess the crack resistance o
magnesium alloy®z91, AM50, AE42from pressure die cast components, and in the case of AZ91 unc
AE42 from ingots, too. The specimens had been subjected to three point bending and the recorded
deflection curves were estimated.

A comparison of all the investigated alloys and conditions shows that the fracture toughness is related to
nature of the cast process and sample dependent. In case of the coarse grained AZ91 gravity cast ma
crack initiation occurs in the brittle intermetalfephase Mg;Al 12, whereas the damage in the fine grained
die cast materials AZ91 and AM50 starts predominantly from cavities due to shrinkage or airtrapping. T
alloy AE42 proved to be more ductile both in gravity and in die cast condition. The damage process be
sometimes at precititates in the grain boundaries, but in the most cases in strongly deformed solid solu
matrix grains.

INTRODUCTION

The use of magnesium alloys is attributed to their high specific strength. Besides that the raw material
for magnesium is abundantly available. Therefore the potential for weight saving in automotive structurs
aerospace application, computer parts, handling tools, household equipments and sporting goods is

high. Particularly the automobile industry is compelled to diminish the fuel consumption and in this way
reduce the emission of harmful agents by development lightweight constructions. But the material select
in favour of magnesium alloys requires to know the properties of different alloys and their limitation:
From the application of magnesium alloys for crash sensitive components follows the necessity

characterize the different materials by mechanical parameters under static and dynamic loading and to s
their deformation behaviour. An important role for crash relevant elements also plays the energy absorpt
described by toughness [1,2]. Therefore, the aim of this paper is to compare the alloys AZ91, AE42 (bot!
gravity cast and die cast condition) and the alloy AM50 in die cast condition. Impact tests and fractt
mechanics tests were carried out on small specimens owing to the thin-walled die cast compone
Additionally, investigations of microstructure and fracture surfaces were made for explanation of the rest
of mechanical testing.



MATERIAL CHARACTERIZATION AND EXPERIMENTS

Specimens were taken from ingots in case of the gravity cast (GC) alloys AZ91 and AE42 and from die c
(DC) components also for AZ91, AE42 and AM50. The chemical composition is given in Table 1. With th
aim to compare all the materials with regard to their real mechanical properties investigations were cart
out on specimens with the dimensions 5x10x55 mm with reference to an unnotched Charpy specimen of
thickness available from all the raw material sections. Such plates were subjected to bending and imj
tests, used for hardness measurements, and microstructure investigations. Besides from these plates
small flat tensile specimens were machined with a sectisrbgb mm and a gauge length of 30 mm.

Table 2 summarizes the results of different tests.

TABLE 1
CHEMICAL COMPOSITION OF ALLOYS INVESTIGATED
Alloy/ Al Zn Mn RE
condition [%0] [%] [%] [%]
AZ91 (GC) 9.0 0.67 0.22 -
AZ91 (DC) 8.2 0.73 0.20 -
AE42 (GC) 4.0 0.007 0.35 2-3
AE42 (DC) 4.1 not anal. 0.19 3.2
AM50 1 (DC)|  4.95 0.471 0.248 -
TABLE 2
MECHANICAL PROPERTIES
Alloy/ Rm Az HB5/250 HV5 Op a K
condition | [Nmm?] | [%] [INmm? | [grd] [J]
AZ91 (GC) 115 2 66 90 208 2.6 2.7
AZ91 (DC) 180 1 72 100 270 4.6 14
AE42 (GC) 142 7 64 75 270 10.7 54
AE42 (DC) 188 4 58 64 267 12.6 6.2
AM50 | (DC) 215 2.1 64 81 350 3.2 3.5
AM50 I (DC) 125 0.8 69 92 270 2.6 1.8

The bending strength in Table 2 is calculated from the maximum load in the moment of fracture

formation of the first crack. The bending angle was actually determined after the test and is thus a mea:
only of the plastic deformation. For estimation of toughness all the alloys were tested at room temperatur
a 15 J pendulum impact machine with an angle of impact of 90° (maximum of impact energy = 7.73 J; \
2.73 m/s). In case of the AZ91 and AE42 gravity cast alloys and the AZ91 die cast element it was possibl
manufacture real Charpy specimens. They were impact tested (with and without notch) and also used for
fracture mechanics investigations after precracking. From the other components with smaller wall thickn
bending specimens were machined and partly precracked or prepared with a sawing cut by a diamond wi



For the microstructural examination [3,4,5] the specimens were prepared by wet grinding on silicon carb
paper up to grade 2400 and by polishing with finally 1um diamond paste. The etching solution used was
2% alcoholic nitric acid .

RESULTS AND DISCUSSION

Firstly, the results of the microstructural investigations will be discussed. Figs. 1 and 2 show the mict
structure in the alloy AZ91. The microstructure reveals generally in dependence on the cooling rate. In b
types of castings were found the same constituents: solid solution matrix grains surrounded by coring r
with a remarkable higher aluminium content due to the very low rate of diffusion of the Al-atoms, gnd the
phase Mg-/Al1,. With regard to the magnification it is evident that the low solidification rate in case of the
gravity cast causes the growth of large grains of 100 to 200pum in size and a certain areairas# both

in compact and in lamellar form, whitee microstructure of the pressure die cast AZ91 with an essentially
higher cooling rate is characterized by finer grains (10-20 um) and a volume fradiigghase dependent

on the local chemical composition and solification time [6,7].

The microstructure of the both types of the alloy AE42 is presented in Figs. 3 and 4. Rare Earth eleme
(RE) were added as mixed metal with a composition of 50% Ce, 25% La, 20% Nd and 3%Pr [8].
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Figure 1: Microstructure of AZ91, ingot
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Figure 3: Microstructure of AE42, ingot Figure 4: Microstructure of AE42, die casting



The benefit of the alloy is the retention of strength at elevated temperatures. In the ingot very large colum
macrograins were observed. Because of that no grain boundaries are visible at higher magnification. EI
investigations reveal that the Al-content of the matrix is very low and that in agreement with the Mg-R
phase diagram no significant amounts of RE metals are dissolved in the Matican be seen from Fig. 3,

a great number of particles of different kinds has been precipitated.

The dark compact phase shows besides Magnesium and low Aluminium high contents of Mn and |
elements, whereas it may be assumed that the long needlelike partifigshase enriched with RE metals.
The other lamellar or globular precipitates are eutectic phases of Al-RE- and Mg-Al-type.

In the pressure die cast condition the microstructure of the alloy AE42 appears as a fineograatigx,

there only exists a small fraction of with aluminium supersatured solid solutions. From additional TEI
investigations [9] it was followed that the lamellar phase mixture probably consistgRE-AINd MgAl s-
phases. At the grain boundaries small bandg-phase can be observed, and the very small globular
particles were identified as ARE;. In comparison with the gravity cast AE42 all the precipitated phases
are much smaller in the pressure die cast AE42.

For the investigation of the alloy AM50 two pressure die castings were available; a steering wheel frame
as a crash sensitive element and a fixing element (II) without special requirements or danger potential.
addition of manganese to the Mg-Al-alloys occurs to improve the ductility of the material. The microstru
ture of both elements is shown in Figs. 5 and 6.

Figure 5: Microstructure of AM50 I, die castingFigure 6: Microstructure of AM50 II, die casting
steering wheel frame fixing element

The solidification process of AM50 [1,6,10] is similar to that described for the alloy AZ91, but the reduce
Al-content leads to a lower volume fraction®phase. On both images the cored matrix grains are visible
and in the grain boundaries can be seen the eufeq@imse. In the microstructure of the element Il the
coring was more distinct as in the steering wheel frame, al§d-tbatent seems to be higher and in some
local regions of this element the eutectic phases were found in spongelike shape (Fig. 6, right part). Bes
them much microcracks and shrinkage porosity were obseWal regard to SEM micrographs white
lumpy inclusions were found in both elements; they were identifiedsdn&dphase. The described specific
microstructure in the different alloys will be correlated to the results of mechanical testing and fractu
mechanics investigations.

As shown in Table 2 all the materials were characterized by mechanical parameters from industrial castir
that means these parameters are not related to defect-free material. Both the ultimate strength anc
fracture elongation are to small due to local concentration of the I@ilease in the AZ91 (GC) and
shrinkage porosity and gas pores in the die cast material of AZ91 and AM50 (Figs. 7 and 8), while t
hardness measurements and the bending tests provided values in a real scale. As a criterion for pl
deformation the bending angle shows the superiority of the AE-alloys.



Figure 7: Shrinkage porosity on the fracture
surface of AM 50 Il (DC)

The energy absorption capability of the different materials is characterized by the impact test response.
K-values determined on 5x10x55 mm plates (Table 2) seem to be able to separate the impact sensitivit
the investigated alloys with regard to their microstructure and castings defects, also in comparison with
fracture elongation data. From testing results of real Charpy specimens without notch and with a machin
in notch (Table 3) can be underlined the utility of a fitted impact test in quality control procedures of ca

products.

Remarkable are the large differences between the two AM50 charges (Table 2) which cannot only re:
from the higher porosity in the AM50 II. To contribute to the explanation of this fact subsequent EDX
investigations were made. It was found that the Al-contentwitho was too high, near the composition of
an AZ81. This explains the similarity of the data to that of AZ91. The casting of AM50 often occurs b
mixing of AZ91 with AM20 to reduce the Al-content. For lack of carefullness could it be possible that suc
a component is subjected to impact loading.

TABLE 3

Figure 8: Gas pore with oxid layer on the

fracture surface of AZ91 (DC)

IMPACT TOUGHNESS AND FRACTURE TOUGHNESS

K

KV2

Q)

Alloy/ !
condition without notch Kemax[MPa ]
[J] [J] 10x10 mm | 3x6* mm 3x6mm 10x5mm

fatigue crack|sawing cut| fatigue crack fatigue crack
AZ91 (GC) 3.4-6.8 2.4-2.6 12.9-14.5 11.8-13.
AZ91 (DC) 1.4-4.8 0.8-1.2 7.7-12.6 10.1-14/0 7.1-11.7 8.2-9.
AE42 (GC) 8.6-14.4 4.0-4.9 16.4-17.9
AE42 (DC) - - - 20.0 15.7-19.4 16.4-19.1
AM50 I(DC) - - - 15.9-16.5
AMS50 1I(DC) 7.2-9.9

* Specimen width x specimen hight



The fracture mechanics tests were carried out in different ways. The loading occured both in a usual ten:
compression test machine and in a special bending stage as an additional equipment to the SEM allowin
direct observation of the damage process [11]. In the Table 3 are presented the obtained fracture tougt
values calculated from.f« [12]. The differences in the fracture toughness reflect the distinction in the
chemical composition, paticularly in the Al-content, and in the cast technology. To comment the influence
the fatigue crack or sawing cut on the test result the number of investigated specimens is still to low
seems that a sawing cut necessary in small specimen leads to some higher fracture toughness values.
From the recorded load-deflection curves it was possible to conclude that a determination of fract
toughness by using of & in a linear-elastic manner underestimates the ductility of the most of the
investigated alloys. Only the specimens from AZ91 (DC) and AM50 Il (DC) failured by fracture. Therefor
a comparison on specimens similar in the outside dimensions argMheaaio was made to calculate the
fracture toughness in formal accordance with fracture mechanics test standards [12,13] by differ:
approaches. The results are listed in Table 4 for the pressure die cast materials. Thevhhtbskare
exchanged values from J-integral into K using fgethe complete work was done in the specimen and for
Jei 1 pi the plastic portion, only.

TABLE 4
FRACTURE TOUGHNESS USING DIFFERENT ASSESSMENTS

K in MPa nt?

KFmax KQ K.] ges KJ el/pl
alloy
AZ91 (DC) 10.0 7.6 17.1 154
AE42 (DC) 18.1 13.7 35.7 33.2
AM50 | (DC) 16.4 14.2 24.9 22.6
AM50 11 (DC) 8.2 7.2 16.4 13.8

The use of an elastic-plastic approach seems to be better to qualify the different alloys with regard to tt
deformability and crack sensitivity. Therefore, in cases of the application of ingots as raw material anc
thick-walled AZ91 pressure die casting precracked Charpy specimens were used to develop crack resist
curves J Aa by application of the multispecimen test method (Fig. 9).
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Figure 9: Crack resistance curves Aa and fracture surfaces of AE42 (GC)



Precracked specimen were loaded to different displacement levels and after unloading the amount of ¢
extension has to be marked. The heat tinting method, which on steels provides excellent results, was
successfull on magnesium alloys at different temperatures and furnace atmospheres. Therefore,
specimens were subjected to a second fatigue loading. Microscopically, the both fatigue fracture surfa
can be observed. However, an exact separation allowing the measurement of the stable cradagsowth
not possible. Although the use of liquid penetrants is not recommended in the ASTM E1737 [13] blue a
red crack penetrants oil based with magnetic particles had been tested. After spraying the specimens
dried at 80°C for several hours and broken. Like to see on the micrograph in Fig. 9 the red penetrant (ug
image) gives no sufficient contrast on the fracture surface, whereas the blue suspension is characterize
excellent creep properties, but a bad drying behaviour. The short time for the second cyclic loading is ti
enough that the penetrant creeps in the growing fatigue crack (Fig. 9, under image). Resulting from the \
large grains in the AE42-ingot, the fatigue crack surface is very rough. Maybe further tests with other fatig
loading parameters can contribute to change the appearance and the roughness of the fatigue crack area
From the experimentally determined\d-curves in Fig. 9 can be seen that the crack resistance in the AZ9:
(DC) is the lowest one. In a great number existing casting defects considerably reduce the crack resista
In the opposite to the behaviour in the tensile test the AZ91 (GC) specimens show a rather high cr
resistance. This is attributed to the inhomogeneity with regard to the matrix grain size and volume fracti
size and distribution of the brittlg-phase Mg;Al1.. Fig. 10 illustrates the crack path within the micro-
structure of AZ91 (GC). The propagating crack grows along grain boundaries covered with compact &
discontinuously precipitate@-phase. In the alloy AE42 (GC) the precipitates form no chains or nets.
Locally were found ring-shaped clusters of fine precipitates (Fig. 11). These are not artefacts from f
preparation process, by TEM investigations can be lightened the character of the different particles, ot
From the crack path in Fig. 11 is evident that the extension is primary controlled by the stress field on
crack tip. The initial crack as a fatigue crack or formed by precipitate debonding can blunt in the matrix a
in this way a certain amount of energy is used for plastic deformation. Therefore, the alloy AE42 (DC)
characterized by a crack resistance curve with a rather high slope. Because the mentioned above problel
measure the stable crack length no results were get in the region of verpamalles. A stretched zone
like in steels and in other materials was not found up to now. For this reason it is also impossible to defir
criterion for a crack initiation toughness.
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Figure 10: Crack path in AZ91 (GC) through Figure 11: Crack path in AE42 (GC), void

MgAl 1, - phase coalescence



CONCLUSIONS

1. Deviations in the chemical composition and in the casting technology of components lead to esser
changes in the microstructure and consequently in the mechanical properties. Therefore, it is importan
select the suitable alloy for a given component, to create a fitted technology and to guarantee the adher
of these requirements.

2. Impact tests on Charpy specimens or on a definite plate (with or without a notch in dependence on
material thickness) appear to be suitable to characterize the material and the casting. This specimen:
smaller than tensile specimens, in the most cases to machine from a die casting and the test is not expen

3. From fracture mechanics testing can be concluded that the crack sensitivity is the lowest one in the A
both in the ingot and in the die cast component. The material damage starts at precipitates of the g
boundaries, frequently also by very large deformation in the matrix causing the formation of microcrack
Such a running crack can be retarded or arrested by blunting of the crack tip in the matrix.

4. With regard to the considerable plastic deformation in good quality alloys the application of elastic-plas
fracture mechanics is necessary to estimate the crack resistance. The multiple specimen method require
development of a suitable marker technique to distinguish the regions of precrack and the stable cr
growth on the fracture surfaces.
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