i
‘ £ UNIVERSITY OF PITESTI SCIENTIFIC BULLETIN
% FACULTY OF MECHANICS AND TECHNOL OGY AUTOMOTIVE series, year XV, no.19, vol. B

STATIC AND FATIGUE PROPERTIESOF MAGNESIUM ALLOYS
USED IN AUTOMOTIVE INDUSTRY

D.M. CONSTANTINESCU?, P. MOLDOVAN!, W. H. SILLEKENS?, M. SANDU?, D. BOJIN?,

F.BACIU', D.A. APOSTOL", M.C. MIRON*
! POLITEHNICA University of Bucharest, Splaiul Indspdentei nr. 313, Bucharest, Romania
2 Netherlands Organisation for Applied ScientificsBarch — TNO Science and Industry, Netherlands

Abstract: In trying to improve the performance of automotive components the use of a new class of
materials as AZ80 and ZK60 is investigated. Satic tests (tension, compression, torsion) reveal
interesting behaviour and failure modes of specimens. Fatigue tests on the intermediate and long life
of such materials are done on specimens with reduced size, according to standards. Fatigue tests
reveal scatter of results, attributed to specimen manufacturing and material quality. For ZK60 an SN
curve is established and comments on the hysteresis loops are done. A possible complete approach on
characteriziing magnesium alloys give confidence in the future design of automotive structural
components with high resistance and reduced weight.
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INTRODUCTION

The main market for forged components is the autmmdndustry (around 58% from total).
The forging industry is thus faced with some paitc trends that relate to developments within this
sector [1], [2]-

The general platform strategies, as well as theease in diesel-engine powered cars and four-
wheel driven sports-utility vehicles are implyingvalume increase for forged components. Further,
the automotive industry has committed itself tostabtially reduce fuel consumption and exhaust
emissions (amongst others gOfor which weight saving at all levels is crucidbriorities in
lightweight structure design are the un-sprung npabgels and their suspension), the front end befor
the front axle and the mass between the front amté instrument panel. All these are typical areas
where forged components are used.

In this respect, it is increasingly recognized thiminium (with a density of 2,700 kgin
and magnesium (1,800 kgfjrare attractive alternatives for steel (7,800 Ky/tdotably magnesium is
the lightest available engineering metal, being Tgter than steel and 35% lighter than aluminium.

Looking to the specific property values, benefits anticipated for strength-related and in
particular for bending-relevant parts, with a pténgain for magnesium of up to 37% over
aluminium. As an example of the trend towards lggght design for structural transport
applications, the front-wheel suspension ofJaguar XJ model contains several aluminium
components with a total weight of only 17 kg.

For magnesium, warm forging is required beeawf its metallurgical constitution.
Relevant expertise in this area is as yet limitéith wnly few industrial applications for low-volume
spemalty products [1], [2]. Current restrictions as follows:

underdeveloped mechanical properties as comparatumoinium for the commercially available
magnesium alloys, including large variations ineniai quality in and between batches;

exemplary knowledge on the material-specific agpettforging (process windows, temperature
and material flow control, etc.) based on handcrafber than on scientific insights, and non-
optimized machining (cutting tools, process windgvar subsequent finishing;

offset of the inherent weight-saving potential bsing heavier component designs, due to the
previous reasons.



To unlock the potential of magnesium for the foggsector, its customers and the eventual
end-users, these impediments need to be clearedhandesulting technologies transferred and
communicated to the stakeholders.

TESTED MATERIALS

Extruded alloys as AZ80 and ZK60 were tested umaw. For AZ80 two grades were
available: AZ80A-T5 extruded delivered in bars wattdiameter of 28 mm, and AZ80A-F extruded
delivered as 5 mm diameter wires. The ZK60 wasvdedd as large diameter bars from which were
cut flat specimens according to standards. Forgetbonents will be tested soon.

The AZ80 alloy was studied by: 1) optical microsgofOM) on Olympus BX60M
microscope; 2) electron microscopy (EM) on ESEMb(egical) with EDS microscope.

The microstructure of the 28 mm bars is first asetly by OM. In a longitudinal section —
parallel to the axis of the extruded bars — théaserwas prepared by exposing it to 4% Nital during
20 seconds. One can notice spherical precipitafegpbular type, and size about 56, as shown
in Figure 1. In a transversal section a cellulancdtire with nonuniform precipitates of about 10-20
um can be noticed (Figure 2). In each of the twarkg there are two magnifications, the scale being
represented in the low-right corner.

Figure2: Transversal section in a 28 mm diameter bar

STATICTESTS

Tension, compression, and torsion tests were dumgoth grades of AZ80A material. Values
to be established were consideredeas:longitudinal modulus of elasticity (Young's Mdds); G —
transversal modulus of elasticity;- Poisson’s ratidR, — ultimate strengthy, ,,— offset yield limit
(0.2 % offset yield stressk — elongation at failure.

The following standards were followedSTM B557-06: Standard Test Methods for Tension
Testing Wrought and Cast Aluminum and MagnesiunmAlProducts andSTM E8M-04: Standard
Test Method for Tension Testing of Metallic MatésifMetric].

Not all details are going to be presented heree Bpecimens of diameter 4 mm in the
calibrated part and gage length of 50 mm have bested on a Lloyd Instruments testing machine
with the nominal load of 100 kN; the experimentalues were analysed with the software NEXIGEN
Plus. The average values afe= 44530 MPa,R,, = 350 MPa,R, o .= 248 MPa,A = 9,9 % . Failure
is produced in a plane inclined with °4%vith respect to direction of loading indicatingath
deformations are produced in the material throdgfasng. This behaviour is expected to be produced
also at the failure in compression.

Three more tension tests were done on specimeds fram a 28 mm bar as having the
nominal diameter of 12.5 mm (1/2 of an inch). Tisisecommended in th&STM E8M-04 standard.
This time a 100 kN INSTRON 8801 hydraulic testingaimine was used, together with an Instron
extensometer of 50 mm gage length. A conventiohatacteristic curve, as plotted by the Bluehill



software, is represented in the next figure (Figd)rd~or metals it is recommended to calculateBhe

modulus or the metal matrix modulus (the way ofcaldting them is explained in the reference

manual of the testing machine). Both values arkudtexl for comparison in an appropriate table.
Specimen 1to 1

400

3001
2001 |

1001 Specimen #
L \ 1

ot

Tensile stress (MPa)

-1007

-200 +—+—+—t+—t————+——t+——t——————————t————————t—————
2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Tensile strain (%)

Specimen Ultimate Modulus Modulus
Tensile (E-modulus) (Metal Matrix)
Strength [MPa] [MPa]
[MPa]
1 379.9 43270 42997

Figure 3: Tension test for AZ80A T5 (specimen 2)

This time the ultimate tensile strength is in betw8&73 and 380 MPa, values a little bit higher
than the ones established for wires. The as caémiBB-modulus is in average about 43217 MPa and
the metal matrix modulus is about 42566 MPa. Tlferdinces from the previously established values
are small, and probably indicate a specimen deperizEhaviour. For comparison, for the extruded
alloy AZ80A-T5, were mentioned [3] the average ealwf the same parametersas: 45000 MPa
G= 17000 MPav = 0,35 R,=380 MPaR;,,= 275 MPa A= 7 %. The ultimate strengthr,, is
practically the same as for our tests for the h@b bar and higher than the one obtained for the™ m
wire (as 350 MPa). The longitudinal modulus of &ty is in average E = 44530 MPa for wires
(five tests) and 42566 MPa for bars (three tedie}h values being a little bit smaller than the
indicated value of 45000 MPa. However, the expemialgy established value of the elongation at
break is in average 9.9 % for the wires and 13.®#the bars, that is greater than the 7 % given in

[3].

For extruded ZK60 the static tension tests wereedin a Walter-Bai testing machine of 6.3 tf
and followed ASTM E8M-04: Standard Test Method fension Testing of Metallic Materials
[Metric] and the following average values were aid: Young's modulu€ = 43.6 GPa, ultimate
strengthR,, = 280.3 MPa, and offset yield limRy,,, = 136 MPa. The elongation at failure measured
with an Epsilon 3542 extensometerfas 16,82 %.

FATIGUE TESTS

Not too much information is available in the litena for establishing fatigue properties of
magnesium alloys. A compilation of existing fatigaled fatigue crack growth data of different Mg-
alloys has been published by ASM International @Ije can underline that fatigue properties of some
of the studied Mg-alloys are very good. Fatigudtbnfon base of ftycles) up to approximately 100
MPa (for AZ63, AZ91, AZ92) are reported for cast Jsllipys after appropriate production and heat
treatment and fatigue limits up to 130 MPa (AZ3 &AZ80) for wrought Mg-alloys under cyclic
axial loading. Coming back to [3], only for the §ed AZ80A-T6 is indicated a fatigue strength of 100
MPa at 16 cycles, no other details being given.

The influence of extrusion temperature on fatiguerfggmance of AZ80 and ZK60
magnesium alloys is given in [5]. They performetigize tests on electrolytically polished hoursga
shaped specimens in rotating beam loading (R at-&)frequency of 50 Hz in air. Zenner and Renner



[6] have investigated the cyclic deformation bebaviin strain controlled tension-compression tests.
The magnesium die casting alloys AZ91 and AE42thednagnesium extrusions AZ31 and AZ80 are
tested. They emphasize that the magnesium extrusioow a totally different behaviour in tension
and in compression; that is the hysteresis in éxpts differs from the calculated hysteresis Far t
cyclic stress-strain curve.

As being at the beginning of our tests, we trykéep the initial testing conditions quite
simple. That is we avoid for the extruded AZ80 éimésotropic deformation behaviour in the direction
of tension and compression, and we perform axiigde tests in tension-tension with a force
controlled constant amplitude. We follow standad@M 466-96: Standard practice for conducting
force controlled constant amplitude axial fatigasts of metallic material$ySTM 468-96: Standard
practice for presentation of constant amplitudéeyéeg test results for metallic materials, a8M
606-80: Constant amplitude low cycle fatigue testing.

4.1 Testsfor AZ80

The low cycle fatigue domain was considered aomant at this stage and a constant average
force was imposed for all tests done at two fregie=n 25 Hz and 10 Hz. The AZ80-F wires of initial
5 mm diameter were used in order to make speciroErsduced size, with a reduction of the cross
section to about 3.2-3.8 mm in the middle. Aboutsp@cimens of this shape were tested up to now
[7]. Their fixture is shown in Figure 4. Around éispecimens broke at the limit of fixture towands t
pressing collars which are threaded into the grithe Instron 8801 testing machine. Few othestest
were done on AZB80A-T5 specimens of reduced sizé dbaording toASTM 466-96) which were
directly threaded into the grips of the testing mae as shown in Figure 5. The shape is hour-glass
and the diameter is 6 mm.

Figure 4: Specimen made from AZ80A-F

Figure5: Specimen made from AZ80A-T5

As mentioned a constant average force of 1800 N apatied for the AZ80A-F specimens
made from wires. This gives a tensile stress iwbeh 224 MPa and 159 MPa (diameter in between
3.2 mm and 3.8 mm) — that is in average 192 MPacdysidering the ultimate tensile strength=
350 MPa (as obtained through static tests) we ratgetween 0.64 and 0.45 from. A crude but
simple approximation as to establish the fatiguensftho; would be the relatiow; = 0.50, = 175
MPa. This just means that as the average strasglier than the presumed fatigue limit. We may
assume that a low cycle fatigue life domain wikhail.

The amplitudes of the sine loading are chosen t608s 500 and 400 N. Only one test was
done for an amplitude of 200 N, but the specimain’tibreak. Although the test is done for force



controlled constant amplitude there are some sdiffiéfrences in between the theoretical maximum
and minimum imposed forces and the experimentas,ofte which the test is performed. Table 1
summarizes the obtained data. Only reliable testse been analysed.

Table 1: Number of cyclestill failurefor AZ80A-F asa4 mm wire

Freq. | Amplitude | Test | Diameter | Fruax | Fmin Max. I\:Im' C)t/'(l:lles
[HZ] IN] no. | [mm] | [N] | IN] [iﬂrﬁif [Twrs:]s tailure
3 3.2 2343| 1219 291 152 18346
600 4 3.15 2381 1223 306 157 20574
11 3.55 2384, 1219 241 123 35893
25 15 3.70 2296 1312 214 122 46681
17 3.55 2277 1334 230 135 40845
500 19 3.62 2296| 1314 223 128 88666
21 3.62 2276 1332 221 129 12817B
400 8 3.40 2201 1399 242 154 132113
5 3.25 2365| 117§ 285 142 22593
600 6 3.15 2398| 1204 308 155 1266%
10 12 3.50 2364, 1171 246 122 40303
16 3.80 2317, 1292 204 114 77460
500 18 3.60 2305 1303 226 128 82351
20 3.76 2305 1303 208 117 32913
400 9 3.55 2207 13956 223 141 17686(71

* additional surface polishing of the middle sewatof the specimen
** unreliable result — probably failure due to imhogeneous material

As one can notice there is quite a significanttecaif data. First of all the diameter of the
wire in the central part differs from 3.15 mm tB@.mm, with an increase of almost 21 %.
Correspondingly the values of the maximum and mimmstresses are different for the same stress
amplitude and the number of cycles till failure ©ga. We wouldn’t rely on the obtained results for
test no. 19 and test no. 21 where an additiondeeipolishing looks to have contributed as givang
significant increase of cycles till failure.

4.2 Testsfor ZK60

Present part of the research concentrates on tlgudabehaviour of the ZK60 extruded
magnesium alloy. We follow same standards as mesdidefore.

Fatigue testing is done by using a 5 tf (6.3 tfstatic testing) Walter-Bai servo-hydraulic
machine at a frequency of 10 Hz. Hour-glass spetdmmachined according to the standard were
tested in force control in reversed loading. Highle fatigue domain is considered hereby.

The force amplitude was decreased in consecutsts feom 11 kN to 5.3 kN as to obtain
stress amplitudes from about 160 MPa to 75 MPaasrsin Table 2.

Table 2: Fatigue data obtained for ZK 60 alloy

Force Max. Min. Cycles
Test no. ampl. stress stress till

[kN] [MPa] [MPa] failure

1 10.37 157.61| -156.16 20897




3 10.64 149.99] -154.36 20744
11 10.50 148.4 -150.23 22176
12 11.00 147.36] -148.07 287072
10 9.81 140.38| -143.81 28203
18 9.67 140.27] -140.27 40376
19 9.83 143.74] -146.31 23038

2 9.43 134.43| -138.56 22536

6 9.31 130.28| -136.14 59723
21 9.31 130.18] -133.95 54828
13 9.00 124.52 -124.8 84687
14 9.10 125.39] -125.66 60409
22 8.67 120.04] -119.90 35500
25 8.70 122.63| -122.49 137636
15 7.40 100.36] -101.17 811692
16 7.15 100.58| -100.44 1246045
17 5.30 75.80 -75.37 6453095

The corresponding S-N curve is represented in EigurAlthough not too many data are
available up to now, we may suggest that a reasewabue for the fatigue limit could be 100 MPa.
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Figure 6: Plot of data for obtaining the SN curve of extruded ZK 60

Some SEM analyses revealed that this materialacts mangan and titanium, although it
should be 98 % magnesium and 2 % zirconium anawsii. As seen in Figure 7 voids are inevitable.

Figure7: SEM analyses of ZK60

However, another test with an amplitude of 75aMiRIn’t lead to the failure of the specimen.
It is interesting to monitor the histeresis loopsinlg each test. Just as an example, in Figure &t
100 cycles, the middle 100 ones, and the last $6l@€ are shown.



Test 3 at a stress amplitude of 150 MPa

plitude [kN]

Forceam

~~+~-First 100 cycles
—8— 100 cycles at the middle of the test

--#--Last 100 cycles

Stroke [mm]

Figure 8: Histeresisloops obtained during atest at an amplitude of 150 M Pa
CONCLUSIONS

The frequency of testing has a clear influence o fatigue response of the AZ80A-F
material, especially when the amplitude is notigsals to give a very short fatigue life. Howeven, f
the moment, not enough data are available to expaiter the obtained results and make pertinent
observations on the fatigue strength of the magnesalloy AZ80A by taking into account the
influence of the average stress and the frequehi®song.

The ZK60 extruded magnesium alloy shows a fatigot lof about 100 MPa. Interesting
observations can be done on the damage throughisteresis loops. The cyclic behaviour of the
material stabilizes at midlife, and important detetion is noticed just before failure.
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