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Abstract

An Mg AZ31 alloy with modified microstructures was investigated to determine microstructural effects on room temperature mechanic
properties acquired from low strain rate {0~ s™1) tensile testing to failure. Three distinct microstructures were generated via heat treatment,
viz.: (1) single phase, fine equiaxed grains; (2) single phase, coarse grains with twins; (3) fine, equiaxed grains decoratee{ Alitn)g
grain-boundary precipitates. Each microstructure was separately characterized with optical microscopy, X-ray crystallography, fraatmgraphy,
hardness measurement prior to tensile testing. Tensile coupons fabricated from each microstructure were then elongated to failure in a minic
stage, and true stress—true strain curves were computed with the digital image correlation (DIC) technique. Initial yield point, ultimate tens
strength and maximum elongation were also computed and examined within the context of key features of each microstructure to infer
mechanism of plastic deformation in tension and whether or not the potential for improved room temperature formability exists.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction increasing Al content raise the yield point of sand-cast AZ alloys
from 50 MPa in AZ31 to 93 MPa in AZ91 (for exampl&].
Magnesium alloys exhibit the attractive combination of low The effect of Al on ductility, or maximum elongation during
densities (1.74 g/cfversus 2.7 g/crhfor Al) and high strength  tensile testing, is less predictable since Al is capable of either
per weight ratios (comparable or greater than that of precipita,-mreasing or decreasing mechanical strength depending upon
tion strengthened Al alloys), along with good damping capacitypeat-treatment§4]. In general, significant amounts of Al, Zn
castability, weldability, and machinabilifit,2]. Of the various  and/or Mn reduce ductility due to the formation of brittle sec-
commercial Mg alloys, those developed from the Al-Zn ternaryong phases. Compared to Al, Zn is more effective in increasing
system (i.e. the as-named AZ alloys) have found the largest numtrength as a substitutional solid solution element and reducing
ber of industrial applications. Major commercial grades of AZ qyciility. The Al contribution to corrosion resistance, or oxida-
alloys are AZ31, AZ61 and AZ91, which are produced eitherijon resistance, is beneficial. Most importantly, Al promotes the
as cast products (e.g. die, sand and mold castings) or wrougf¥ymation of passive and resistant complex Al oxide/hydroxide
products (e.g. extrusions, forgings, sheet and plates). In generqﬁyers at the surface of MEp]: the formation of such films is
as Al content of the alloy increases, yield strength, ultimate teny major contributing factor to the reduction of Mg reactivity in
sile strength, corrosion resistance and oxidation resistance Qﬂy or moist environments. In addition to Al, other alloying ele-
increase, whereas castability and weldability rapidly decreasenents, such as Ca, Sc, Y, and Zr, have been investigated for their
The formation of stable solid solutions and second phases Witbotential impact on Mg alloy mechanical propertjék Of the
few AZ commercial alloys, the AZ31 alloy represents a good
—_— o compromise between strength, ductility, and cost, and is proba-
* Corresponding author. Present address: Schlumberger, 14910 Airline Roagly the best choice for stamping operations. At the present time
Rosharon, TX 77581, USA g f i !
E-mail address: mmarya@rosharon.oilfield.slb.com (M. Marya). AZ91 is the most commonly used AZ alloy in the automotive
1 On assignment at General Motors R&D Center. industry.
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Compared to conventional steel sheets used in vehicle strugable 1 N _ '
tures, Mg alloys have poor ductility and fracture toughness afhemical composition (wt.%) of the AZ31 material of this study

ambient temperaturfl,2,7]. In contrast to the high ductility A 2.34-2.37
of the cubic lattice of ferrous alloys, the low ductility of Mg Zn 1.04-1.11
alloys is often explained by a lack of slip systems inherent td" 0.12-0.14
its hexagonal-close packed (HCP) lattice. Moreover, the nearIPsélI g';z;géll

idealc/a ratio promotes twinning, rather than basal or prismatic
slip [1,8]. Twinning is an athermal shear deformation process
involving mirrored movement of several unbroken atomic layers,
which, unlike dislocation slip where atomic bonds are broken2. Experimental procedure
considerably reduces ductilifg]. While conventional stamping
of Mg alloys is problematic, high-temperature forming facili- 2.1. Materials
tates the manufacture of near-net shapes from Mg alloy sheets.
In recent years, high-temperature forming of Mg alloys has Nominal composition of the as-received (hot rolled) AZ31
received significant attention. In fact, complex shapes have beesheet, as measured by wavelength dispersive spectroscopy, is
fabricated from AZ31 sheets, as reported by several investigayiven in Table 1 The as-received sheet was cut into rectangu-
tors [10-12] Magnesium alloys based on Li are currently of lar coupons that were heat-treated to produce the desired three
interest due to the formation of body-centered cubic lithiummicrostructures.
phases with large numbers of dislocation slip systems and there- A first set of coupons was prepared with single phase, fine
fore high room-temperature formabilify3—15] Although such  recrystallized grains, obtained after a solution heat-treatment
alloys offerimportant benefits for forming (e.g. stamping, hydro-at 450°C for 1 min (quenched in room temperature water).
forming, etc.), immediate application for Mg sheet products isThe resulting microstructure (1) is referred to as the “base”
likely to begin with readily available grades, and in this respecmicrostructure. A second set of samples was generated by pro-
AZ31 is in excellent position for wider use in automotive body longing the solution heat-treatment (SHT) to about 10 min: this
applications. microstructure (2) is referred to as the 10-min SHT microstruc-
In this article, the properties of wrought AZ31 sheets inture. During this additional time, the growth of recrystallized
the O-temper state, typically obtained after hot blow form-grains from the first heat-treatment was stimulated. A temper-
ing (e.g. quick plastic formingl6]) are investigated. Specifi- ature of 450C was selected based upon the binary Mg—Al
cally, AZ31 microstructures were produced with: (1) a single-equilibrium phase diagrafi7]. This is nearly the Mg—Al eutec-
phase fine equiaxed grain structure; (2) a single-phase coare temperature on the Mg-rich side of the binary phase diagram,
grain structure; (3) a fine equiaxed grain structure decoratednd solid-solubility of Alin thex-Mg phase is maximal (approx-
with fine Mgi7(Al,Zn)12 intermetallic particles. The effects imately 12 wt.%). Note that cooling in air followed both solution
of microstructure, in particular grain size and second-phaskeat-treatments. A third set of coupons was prepared from the
precipitates formed by aging of the supersaturated solid soltfirst (i.e. base) set, simply by adding a low-temperature aging
tion, on mechanical properties, particularly tensile stress—straiheat-treatment of 3 days at 180: this microstructure (3) is
behavior and hardness (via indentation), were investigated teferred to as the (3-day) aged microstructure. The®Gsem-
determine which microstructure might offer the best ambi-perature was also selected from the Mg—Al equilibrium phase
ent temperature formability. The digital image correlationdiagram since a significant amount of the M@\l,Zn)12 phase
(DIC) technique was used to measure tensile true stress—stragin thermodynamic equilibrium witke-Mg. Hence, the third
curves up to the point of localized necking using a minia-microstructure was produced with the intention of precipitating
ture tensile stage and a custom image acquisition system.fine dispersion of the second phase (M4l,Zn)12) in the
Fracture surfaces of each microstructure were examined vimatrix phase. Since grain boundaries and internal defects act
SEM. This provided a basis for comparison of the tensileas heterogeneous nucleation sites for diffusional phase growth,
deformation and fracture behavior of the three microstructhe microstructure (1) with fine grains (i.e. the base alloy, as it
tures. now referred to) was preferred for the aging heat-treatment. The
The remainder of this paper is organized as follows. In Sec3-day aging period was arbitrarily selected with the hope that
tion 2, the experimental components of the work, which includedt would be sufficient for Mg7(Al,Zn)12 to fully precipitate to
preparation of the Mg microstructures and mechanical testits equilibrium concentration along grain boundaries and other
ing methodologies (microhardness measurement, tensile testinigternal defects.
and analysis of plastic deformation via digital image correla- Samples of each of the three microstructures were prepared
tion), are detailed. In SectioB the results of the experiments using standard metallographic techniques. A solution of 50-ml
are described. These include Mg microstructural characterizaicric acid, 20-ml glacial acetic acid, 10-ml deionized water,
tion, raw force—displacement curves and true stress—true stragnd 10-ml methanol was prepared as an etchant and briefly
relations, contours of the in-plane strain fields derived from DIC applied to the polished surface of each sample, which was then
and fracture surface analysis. In Sectlipthe major results from thoroughly rinsed with deionized water and ethanol. Both opti-
the work are summarized and suggestions for future investigazal microscopy and scanning electron microscopy were used to
tions of Mg alloys are offered. examine the microstructural details. The SEM electron beam
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the subsequent measurement of two-dimensional (2D) deforma-
tion fields in the gauge section. As showrFig. 2, which is a
607um x 462pm white light interference microscope image
of an Mg tensile coupon surface topography, the EDM surface
roughness was well within acceptable limits for tensile testing
(Ra=3.81um). Surfaces produced with EDM are notable for
their “cratered” appearance that results from the expulsion of

t 5.0mm liquid metal rims (light regions) that overlap one-another due to
spark movement.
20mm Prior to testing, one surface of each Mg tensile coupon was
decorated with a high density of unique contrast features. What
50.0 mm was found to work best for the DIC analysis was a dense coating

of white spray paint droplets, followed by a less dense coating
of black spray paint droplets. Several initial tests of one paint

) _color or the other proved inadequate for the image correlation
accelerating voltage was set between 5 and 13kV, depe”d”}ﬂocess.

upon desired magnification or the need for chemical analysis by

energy dispersive spectroscopy. Chemical compositions at the

surfaces of unetched samples were measured using wavelengB. Digital image correlation and instrumentation

dispersive spectrometers from a microprobe microanalyzer. X-

ray diffraction was used to identify the phases and to explore Two-dimensional digital image correlation (DIC) is a fast
solute depletion of the-Mg phase as a possible consequenceand precise method for measuring in-plane deformation and

Fig. 1. Magnesium tensile coupon with 2.0 mm thickness.

of the aging treatment. displacement fields of plastically deforming sheet metals. The
input to the correlation algorithm requires a set of digital images
2.2. Tensile coupon geometry and indentation measurement that store the deformation history recorded from one surface of

the deforming metal up to fracture. Once a test is completed,

All three heat-treated microstructures were micro-indentedhe images can then be compared in a cumulative fashion, in
under 100mN to explore differences in the microhardnesswhich an earlier image is compared with a later image, or in
Indentation scans were repeated at least six times at randoam incremental fashion, in which temporally successive image
starting locations to calculate average Vickers microhardnesspairs are compared to produce deformation and displacement

Small tensile coupons were fabricated from each of thehistory. Prior applications of the DIC technique of relevance
three Mg microstructures using electrical-discharge machiningo the present study involved stress—strain characterization (up
(EDM). Fig. 1shows the as-machined tensile coupon geometryto fracture) of miniature dual-phase steel spot wéldj, and
The 2 mm-thick tensile coupons were 50.0 mm in overall lengthmeasurement of Portevin—LeChatlier band propagation during
with a 10.0 mm gripper width. Two arcs, with a 51.2 mm radius,tensile deformation of an Al-Mg alloy with a high speed digital
formed the opposite sides of a 20 mm-long gauge section, asamera[19]. The digital image correlation analyses of all test
shown. The curved gauge section geometry ensured that locaksults were conducted with the SDMAP3D program developed
ization and failure occurred at the gauge section center, whichy Tong et al[20-23]
had a minimum width of 5mm. This facilitated digital image  Digital images (in bitmap format) of one surface of each
acquisition during the tensile tests without adversely influencingensile coupon were recorded at a maximum rate of 2-s inter-

Surface Statistics:

Ra: 3.81 um
Rq: 4.76 um
Rz: 32.42 um

Rt: 37.66 um

0
0 50 100 150 200 250 300 350 400 450 300 350 607

Fig. 2. Optical interference microscope image of EDM surface on Mg tensile coupon.
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load and were acqu_ired, the DASYLAb program commanded an Excel-

 |[—— displacement _\ﬁsual Basw_p_rpgram to create a folder on the DASYLab PC (the

' image acquisition and storage process involved two PCs) with
- the name of the test and a time stamp, and then moved the files

ik digital from the image capture PC to the newly created folder on the

DASYLab PC. The Visual-Basic program then created a sepa-

rate file that correlated all of the bitmap images files with the test

) ) Tl . specimen name, load and displacement corresponding to each
fiber optic _ L telecentric X . '~
light source= = ~.._ lens image. What resulted from this process was an additional set of
Wil s == s gggfg,"e ; the same bitmap images _recprded during the test, but with file
(a) names that could be readily input to the SDMAP DIC software
program.

The tensile stage was manufactured by Kammrath—Weiss
in Dortmund, Germany25], and had a 20 mm displacement
grippers(bite range and a 5kN load cell. One revolution of the screws pro-

~ tact with i i
contactw duces 2um of crosshead displacement. All Mg tensile coupons

couponends  were strained to fracture at a constant crosshead speed of
r\}ic;iiglig)ectlv 1.8 x 10~2mm/s. Note that the crosshead speed was controlled
through the 2.6« 103 to 2.0x 10~2 mm/s range via the hand-
held speed controller shown Fig. 3a. Special stainless steel
grippers (se€ig. 3) with hardened steel bite plates having ser-
(b) rated surfaces were manufactured to accommodate the gripper
Fig. 3. (a) Monochrome digital camera with telecentric lens focused on Mgends of the tensile coupon Iﬁg. 1 andto prevent slippage of
tensile coupon. Tensile stage with load cell (front), controller (white box with the gripped ends during testing. Load values were recorded from
digital display in background), and speed controller (mouse with two buttonghe tensile stage and displacement controller Fsge3a) via an
t‘;\ the ”gbhtTOf ‘hf tetns”e S_tt?]g'\‘;) if a's_lo shown. Light dif[USi?tg CfU”"’;i” is ';‘OIR8232 connection ata 3 Hz rate. An enlarged view of the tensile
e e . 1 241 *S1age and displacement ransducerisshofgch fllowing
fracture of an Mg tensile coupon.

Examples of raw data recorded during the tests are displayed
vals throughout each tensile test using a digital camera (SON¥ Fig. 4. Fig. 4a shows that between transient periods associated
monochrome model XCD-SX900). The camera was alignedvith the start of the test and complete fracture (i.e. termination
along a vertical axis directly above the tensile coupon surface aif the test), the average loading speed wasx1182 mm/s.

a distance of 40 cm. This experimental configuration is showiThis signal typically contains some noise from the acquisition
in Fig. 3a. A telecentric lens, which eliminated magnification- electronicsFig. 4b shows that the crosshead displacement was
induced distortions across the field of view of the camera, walnear with time following an initial startup delay. The crosshead
used to image the tensile coupon surface loaded in the tensilead or force increased linearly with time, as showRii. 4c, up
stage (also shown iRig. 3a). Lens adjustments enabled captureto the point of yielding around 2700 N. The measured strain rate
of either the entire gauge section or a portion of the gauge sectiashange with time, depicted Fig. 4d, shows that the strain rate
near its center (for example) where localization and fracture werecreased with time but at a very slow rate. The nominal strain
anticipated. The surface of each tensile coupon was illuminatexte in the tensile coupon reached to a level ofs8104s™1
with light from a diffuse fiber-optic light source. Image intensity and higher.Fig. 4e shows that a maximum average strain of
and depth of field were controlled with the lens f-stop (adjusted.10 mm/mm was achievedsat 125 s. FinallyFig. 4f shows the
to allow the desired amount of light into the camera), and thengineering stress variation with time. Note that a peak stress of
image exposure time (typically 1/32 s) was adjusted through th800 MPa was achieved around 75 s into the test.
image acquisition software. The pixel density of each recorded Once testing was completed, the DIC algorithm was directed
image was set to the native 128M60 pixels resolution of the to compute 2D displacement and strain fields by tracking
camera, which had a framing rate of 7 frames/s. changesinthe position and orientation of the unique contrast fea-
Digital images captured with the camera/lens assembly werkires from image to image. A digital grid pattern was computed
triggered with a custom time and force-based image acquisand superimposed onto each image pair used in the correla-
tion algorithm that was engineered with the DASYLab datation process. The grid pattern, which serves as a digital strain
acquisition and test control programming softw§2d]. The  gauge that follows the curved geometry of the gauge section of
software triggered the digital camera at either 10 s intervals, oeach tensile coupon surface, consisted of 76 points along the
if the force fluctuations exceeded +10%-62% during sam- X; direction (seeFig. 5a) and 25 points in th&» direction.
pling of the load. Once an image was captured by the camerdhe 1900-point grid pattern was found to adequately resolve
it was saved with an image capturing software program (writterdisplacements and strains computed from the tensile coupon
in C++) which gave the image a sequential file name and therurface via the DIC algorithm. Examples of grid patterns on an
saved itin bitmap format. When all of the images for a given tesMg tensile surface prior to tensile testing, and just before the

displacement. © '},
transducer
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Fig. 4. Representative raw data recorded with DASY [21] acquisition program during tensile testing of Mg coupons.

Fig. 5. Digital images of Mg tensile coupon before testing (a), toward the end of the test (b), and after fracture (c). Blue grid pattern which gefimssathehich
the strains and displacements are computed in the correlation process are shown in (a) and (b). Note the contrast pattern, which is espedia(ly) obvious

onset of localized necking, are shownHig. 5a and b, respec-
tively. Note that the digital grid is severely distortedrig. 5b
(which was the final image recorded in this test), as it precisely
followed the deformed shape of the tensile coupon. Once frac-
ture occurred (shown ifig. 5c), the correlation process was

discontinued. o;:a

The displacements and strains were computed at each gric S
point. The spatial extent of the grid pattern and hence the region 0.208
over which the calculation was conducted is user-controlled and = 3;]?3
therein lies one of the major advantages of the DIC technique = ggzg
over other methods. Unlike electromechanical strain gauges anc SR oD

extensometers, which do not provide measurement of localizec
deformation in the neck region of a tensile coupon (for exam-

ple), and hence lead to the well-known drop in the stress—strain
curve beyond diffuse necking, the DIC method offers direct |
gser CO””?' of the area of the digital strain gauge used O_n ea% . 6. Strain contour map of 2D axial strain field showing diffuse neck (red

image. This enables accurate measurement of deformation afgjion) in a tensile coupon deforming in tension. Also shown are the 1D strain
displacement fields within the neck region of a tensile couporeasures that are extracted from the corresponding 2D strain field.

Y
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Fig. 7. Optical micrographs of two AZ31 alloys: (a) the base alloy (microstructure (1)) and (b) microstructure (2) after SHTCatot3® min. Microstructure (3)
(i.e. the aged alloy) is not shown due to its resemblance to microstructure (1).

(for example) and provides stress—strain curves that (typically) 5377
continue to increase beyond diffuse necking up to the point of &
localized necking. Such behavior is representative of the true
tensile deformation behavior of the metal.

2.4. Extraction of true stress—strain curves from
two-dimensional strain maps e
The measured strain fields are represented by fringe patterns
or maps, which are contours of constant strain levelg. 6
shows a typical 2D map of a diffuse neck in the gauge section -~
of a strained Mg tensile coupon. Individual (true) strain contour :
values are denoted by Erl in the grayscale key to the right of | 12 *
the map. The maximum strain is near the center of the neck ) ) ) )
region (dark contours) and is 52.6%. Representative 1D (ave,,:_lg.& Optlcalmlcrogr_aph ofthe 10 min. SHT AZ31 (microstructure (2)) reveal-
.. ~Ing the presence of twins.
aged) strain fields are computed from the measured 2D strains
fields via the set of strain measures showhign 6and described
in greater detail ilA\ppendix A [18]
Once strains at the tensile coupons surface are determine
the flow stress can then be calculated via the following forcef
equilibrium equation:

twins

phase, as expected from the solution heat-treatments (SHT), and
so exhibited polygonal grain structures; however, their grain
zes were profoundly different. In microstructure (1) (heated
or only 1 min at 450C), the average grain size measured
using the linear intercept technique was#1@um, and var-

51~ iexp(gl) 1) ied from 4pm to about 1§m depending upon location. In
wT

whereW andT are the initial width and thickness of the tensile
coupon,e; is one of four average axial true strain measures in

Appendix A F the applied axial load, ar# is the average axial 951
true stress, respectively. Once the average strain measures liste’s 90
are computed, then the corresponding tensile stress is compute g |
via Eq.(1). 50 |
O Average
3. Results and discussion 75 1 a Max
70 4 0 Min

3.1. Magnesium alloy microstructures 65 -

Fig. 7a and b illustrates the two AZ31 microstructures that 601

were heated for 1 and 10min at 48D, respectively, i.e. 55 -
microstructures (1) and (2). At the resolution of the optical 50 |
microscope, the aged AZ31 microstructure (3) strongly resem- Base alloy (1-min  10-min solution  3-days aged

bled the base microstructure, and was therefore not included in a4s0’C) - heattreated

Fig. 7. The microstructures iRig. 7appear as if they were single Fig. 9. Vickers microhardness test results comparing microstructures (1)—(3).

Vickers microhardness at 100mN load
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microstructure (2), the 10-min SHT grains ranged frompmd  spread beyond grain boundaries. Some grains also appear more
to over 50um, leading to an average grain size in the vicin- heavily twinned than others. Note that twinning was absent in
ity of 25 um. In contrast with the base microstructure, the SHTboth the microstructures (1) and (3). Although twins can result
microstructure with coarser grains also discolored after etchfrom polishing and/or strain accumulation (i.e. prior cold work),
ing, a feature that strongly suggested preferential etching, anuicrostructure (2) was the only one of the three microstructures
thus a dependence on crystallographic orientation. Over-etchirtfat exhibited twins both before and after tensile deformation.
microstructure (2) revealed twins that are shown at a higher mag- The observation that twinning is only present in the coarse
nification inFig. 8 Twins, which are symmetrical intergrowths grain AZ31 microstructure (2) suggests that it may be the pre-
of adjacent crystals, appear as elongated microstructural featurdeminant plastic deformation mechanism in (2), while it will be
of differing lengths and widths with sizes that depend upon thdess likely in the other alloys wherein thermally activated dislo-
grain size as well as other features (since a number of grains disation slip is a more favorable plastic deformation mechanism.
played no twins). They are typically intragranular and parallelThis is consistent with work by Meyers et §26] suggesting

to one-another. However, as notedrig. 8 some of the twins  that twin formation is suppressed by grain refinement and, in

Base AZ31 Base AZ31 Base AZ31

[

A

(a) Bak scade!ectron image (b) lmu map (c) Zinc map
10min SHT 10min SHT _10min SHT

(d) Bak ttered lectron image (e) ' Aluminum map (f) Zinc map

Aged

Aged

Aged

(g) Back scattered electron image (h) Aluminum map (i) Zinc map

Fig. 10. Back-scattered electron images and compositional maps as measured with wavelength dispersive spectroscopy for the base (mig)psBuctu@HT
(microstructure (2)), and aged (microstructure (3)) alloys.
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Table 2
Selected X-ray diffraction angles with corresponding characteristics
Reflection k) 20 (°) d-space ,é) c (,5\) a (A) cla Ka peak (counts)
Mg phase (matrix)
Base
(103) 63.2442 1.46916 5.1981 3.1999 1.6244 604
112) 68.8547 1.36249 122
Solution heat-treated
(103) 63.2211 1.46964 5.1991 3.2020 1.6237 1080
112) 68.8129 1.36322 182
Aged
(103) 63.2187 1.46969 5.1998 3.2014 1.6242 711
112) 68.8214 1.36307 220
Mg17Al 12 phase
Base
(651) 70.2466 1.33887 34
Solution heat-treated
(651) 70.1884 1.33983 44
Aged
(651) 70.2000 1.33964 61

the case of pure Mg, by pyramidgl 01 1}(1120) slip attem- 85 kg/mn# in the aged microstructure (3). This decrease in the
peratures above 22% [2]. It appears that the small grains of maximum hardness appears to be a consequence of elimination
the base and aged microstructures prevented twinning in thef some of the very fine grains from the base microstructure
deformation process. (1) as a result of the aging treatment. Whether the fine grain
Fig. 9compares Vickers micro-hardness values for the threelimination during aging is due to grain growth or recrystalliza-
AZ31 microstructures, which are averages of indentation meaion remains unclear and requires further investigation. Partial
surements at many locations. Note that the maximum and mirrecovery (i.e. reduction of pre-existing cold work) of the base
imum hardness values are also indicatedrig. 9. The hard-  microstructure (1) could be another reason for the slightly lower
ness values for the base AZ31 microstructure (1) vary betweehardness maximum in the aged microstructure. The Vickers
74.6 and 96 kg/mi the average hardness is 81.7 kg/foifhe  indentation technique also contributed to the large variations
wide variation in hardness values can be explained (in part)eported inFig. 9 since the indenter tip was smaller than the
in terms of the large grain size variation in this microstructureaverage grain size of each microstructure. A smaller (and per-
which is 4-18.m (with a 10u.m average grain size). The SHT haps more representative) variation in hardness values is likely
microstructure (2) had an average hardness of 69.3 kg/mmwith a spherical indenter (e.g. in a Rockwell hardness test).
which is about 15% less than that of the microstructure (1).
The lower average hardness of the SHT microstructure (2) is
consistent with its larger average grain size ofi20 (and hence Base (#1-#3)
lower Hall-Petch strengthening) and also withiits fully recovered ~ 3%%°1
state (L0 min at 450C) compared to the base microstructure
(1), which is not fully recovered because of the short SHT time 25001
(Lmin at 450°C). The maximum and the minimum hardness _
values, respectively, were 78.7 and 58 kg/fnmhich indicate Z 2000
about as wide a spread in hardness values as observed in th8
base microstructure (1). Again wide variations in the hardness€ 1500
values were consistent with the wide range of grain sizes presen
in this microstructure. The aged microstructure (3) retained 1000
much of the hardness of the base microstructure (1), with a
77.8 kg/mnt average hardness compared to 81.7 kgfnfion 500
the base microstructure (1). This suggests that recovery during ;
0

3500

Aged (#1-#3)

10min SHT (#1-43)

. ; A * A
the low-temperature aging treatment was small and microstruc- , , : L SN B
ture (3) was still noticeably work-hardened even after ageing. 0 0.5 1 1.5 2 2.5 3
The range of hardness variations was narrower in microstruc- Displacement (mm)

ture (3), largely due to the '°,W9r maXImum hardness value tharzig. 11. Force—displacement curves derived from DASY[24] measure-
was reduced from 96 kg/min the base microstructure (1), t0 ments.
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Fig. 12. Magnified views of the yield regions showrFiig. 11

Fig. 10 shows high-magnification compositional maps forand Zn, and was identified as the equilibrium M@\l,Zn)12
the three AZ31 microstructures. The images in the left colummphase by X-ray diffraction.
show back-scattered images of each microstructure over an areaTable 2shows X-ray diffraction data for the three AZ31
of 50m x 50um. The images in the middle and right columns microstructures. Only data from three high anglé)(Beaks,
are X-ray intensity maps for Al and Zn, respectively. In the X- with adequate resolution to differentiate between the microstruc-
ray compositional maps, bright colors indicate regions of hightures, is shown. Of the three, two peaks belong todkHdg
concentration. The back-scattered images show the presence gilaase and one belongs to the M@\l,Zn)12> phase. For the:-
second phase in all three microstructures. However, as indicatédg phase, the lattice parameters of the hexagonal close pack
by the optical micrographs iRig. 7a and b, the base and 10-min cell, a andc, as well as the/a ratio of the lattice cell are also
SHT microstructures (1) and (2), respectively, are essentially sirshown. The 2, d, ¢ anda values of thex-Mg phase in the 10-
gle phase. In both of these microstructures, the alloying elementain SHT and the aged microstructures (2) and (3), respectively,
are fairly homogeneously distributed throughout. In the agedire essentially identical. Similarly, all thref: ratios are very
microstructure (3), precipitation of discreet particles at grainclose to that of pure Mg. These results strongly suggest that
boundaries occurred, as expected from heat-treatment below tiA¢ super saturation has little effect on the lattice spacing of the
a-Mg solvus line. This phase is predominantly comprised of Ala-Mg phase. Relative to the solution-heat treated and the aged

(a) AZ31 Base — At Yield point (images 03,15) (b) AZ31 Base- At UTS (images 03,39)
Yield point: 270 MPa UTS: 348 MPa
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0.006 0.110
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(c) AZ31 10min SHT— At Yield point (images 1,10) () AZ31 10 min SHT- At UTS (images 01, 48)
Yield point: 165 MPa UTS: 281 MPa
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(e) AZ31 Aged - At Yield point (images 01,11) (f) AZ31 Aged - At UTS (images 01,46)
Yield point: 210 MPa UTS: 308 MPa

Fig. 13. Cumulative axial strain maps showing the neck region of each material at its yield point and ultimate tensile strength. The images tinganeteao®
noted in each caption. Strain contours (Erl) could not be scaled to the same range due to the variation in peak strain values.
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microstructures (2) and (3), respectively, the base microstruazoupon) and shows the differences in yield characteristics of
ture (1) has slightly lowed, ¢ anda values, which may be due the microstructures investigated in this study. Note the yield
to the work-hardened state of this essentially as-rolled matepoint elongation inFig. 12 (local maximum and minimum
rial (one minute at 450C is not enough for full recovery). The between 205 and 210 MPa) for the aged microstructure (3).
Ka peak counts are highest for the 10-min SHT microstructureThis is an indication of a major change in the plastic defor-
which could be due either to the fully recovered state of thismation mechanism in this microstructure compared with the
material or to texture changes associated with recrystallizationther two microstructures. The yield point behavior suggests an
during the SHT. The MgrAl 12 Ka-peak count is the highest in associated deformation mechanism involving solute/dislocation
the aged microstructure (3), which is consistent with the highesnteractions or a precipitate effect, rather than twinning in the
precipitate concentration in this material. aged microstructure (recall that twins were observed only in
microstructure (2)). Plastic deformation in the aged microstruc-
ture (3) beyond tensile strains associated with the yield point

3.2. Force—displacement curves . ; S ' !
elongation most likely proceeds via dislocation slip.

Fig. 11shows raw force versus displacement curves acquired
(via the DASYLab acquisition software) during tensile tests of3.3. Results from digital image correlation analysis
nine Mg tensile coupons; i.e. three of each AZ31 microstruc-
ture. Tensile testing was repeated three times only, since the Fig. 13shows cumulative strain maps for the axial compo-
results were practically indistinguishable, as noted by the ovement of strain (i.e. in the loading direction) for the three Mg
laying curves inFig. 11 However, significant differences in microstructures. The errorsinlocal in-plane displacements, rigid
the force—displacement responses are seen between the differ@agly rotation, and strain measurements were estimated to be
microstructures. The yield points for the AZ31 base (1), 10-mir0.02 pixels, 0.02 and 100x 10°°, respectively, for a macro-
SHT (2), and aged microstructures (3) are approximately 270copically homogenous field. Each contour patterfrign 13
1500, and 2000 N, respectively. It is interesting to note that agonsists of levels with corresponding quantitative strain values
strength decreased, displacement (and thus percent elongatiéignoted by Erl in the associated legends. The images in the
did not necessarily increase, as would be expected. In fact, tHeft column represent the axial strain state at the initial yield
aged microstructure (3) exhibited the second highest strengtpint as computed from the DIC analysis. The images in the
level of all three materials and it was also the most ductile, witHight column represent the neck region in each microstructure
displacements approaching 3 mm (versus 2—2.5 mm for the othét its corresponding ultimate tensile strength (UTS). Note that
microstructures). the tapering of these images is due to the change in the digital
Fig. 12shows magnified views of the yield regionsfig. 11 grid geometry as it followed plastic deformation of the coupon
in terms of the engineering stress versus engineering strain (gefthis is best seen iftig. ). Dark contours denote regions of
erated by suitable normalization of the dataFaj. 11over the  high tensile strain, while gray-white contours denote regions of
initial cross-section area and the total gauge length of each testnaller tensile strains. Note that strain ranges for each mate-
rial differ: this precludes a common scale for all maps. For
example, the smallest peak strain of 0.9% occurs in the 10-min

450
Aged AZ31
400 Base AZ31 Afg gs 57
“AA 3
__ 350 2.6
& 5 n 1-min solution heat-treated at 450°C [——
[ 5 - Slope: 0.1482x
g/ 300 3 10min SHT AZ51 2.6+ Y-axis intercept: 2.6714
& R2=0.9975
[
= 250 — B
& ﬁ 2.5
g 2
= 200 » 2.5
[
g
150 £ 24
g 3-days aged at 160°C
100, - 24 Slope: 0.1997
: Y-axis intercept: 2.6623
50 R2=0.9993 =
23 i < 10-min solution heat-treated
Slope: 0.1919
0 Y-axis intercept: 2.5998
0 0.1 0.2 0.3 0.4 0.5 0.6 2.3+ R#=0.9084
True Strain
. . . . 22 T T T T 1
Fig. 14. Representative true stress—strain curves for the AZ31 base microstruc- 25 -2 -1.5 -1 -0.5 0
ture (1), 20 min SHT microstructure (2) and aged Mg microstructure (3) from Log (true strain)

the DIC analysis. Note that the number on each stress—strain curve designates
one of the four the corresponding strain measures showigirb and given in Fig. 15. Computed strain-hardening exponents for the three Mg microstructures
Appendix A using DIC-predicted true stress—true strain values.
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SHT microstructure (2)Kig. 1X). However, the largest peak fromthe DIC analysis of the base (1), 10-min SHT (2), and aged
strain at yield of 2.5% occurred in the AZ31 aged microstruc-3) microstructures are 348, 281 and 308 MPa, respectively.
ture (3) Fig. 13). The strain contours corresponding to the Fig. 14shows the true stress—strain behavior of the base, 10-
diffuse neck region of the AZ31 aged microstructure (3) aremin SHT, and aged Mg microstructures, respectively, acquired
the most uniform (se€ig. 13) of the three strain maps in the via the DIC analysis. The significance of these plots over those
left column inFig. 13 while those corresponding to the 10- in Figs. 11 and 14s that they represent the behavior in the
min SHT microstructure (2) are the least uniform. The yieldneck region of each microstructure beyond diffuse necking
points of the three materials are 270, 165, and 210 MPa, gsvhich is essentially the limit of the “true” tensile behavior in
listed inFig. 138, c and e, respectively. This is consistent withFigs. 11 and 1R Note that the numbers 1-3 and 5Hig. 14

the force—displacement curveshig. 11 When each material designate the four curves corresponding to the four different
achieves its UTS, the strain contour patterns in its neck regioaverage strain measures listeddppendix A The most accu-
are more uniform, as seen in the figures in the right column imate representation of the true stress—strain behavior is the curve
Fig. 13 The strain in each material is clearly larger at the UTScorresponding to EqA3), which averages the 2D strain field
with the AZ31 10-min SHT (2) and aged microstructures (3)along the narrowest width of the neck region in each tensile
accumulating the largest amount of strain (i.e. 17-18%). Howeoupon[18]. Relative to this strain measure, the true stress of
ever, the 10-min SHT map showed the largestamount of materighe base, 10-min SHT, and aged microstructures just prior to
inthe neck region atthe 17—18% strain level. The UTS computetbcalized neckingis 381, 318, and 385 MPa, respectively. Acom-

1000 M —

100 ym —

Fig. 16. SEM images of fracture surfaces of the AZ31 base microstructure (1).
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parison of stress—strain curvedHig. 14suggests that the largest the data points, indicating that the true stress—true strain data for
strains accumulated in the neck regions of the base, 10-min SHihese alloys can be well represented by a simple power law.
and aged microstructures were 25%, 34%, and 45%, respethe slope of each line gives the work hardening exponent n
tively. Hence, the aged Mg microstructure (3) accumulates thef the material. As can be seen kig. 15 the work harden-
largest amount of tensile strain prior to fracture, while the baséng exponents for the 10-min SHT microstructure (2) and aged
microstructure (1) accumulates the least amount of strain priamicrostructure (3) are very similar, although both microstruc-
to fracture. Note that the slight dip in each curve at the highestures have profoundly different grain sizes and their deformation
strain values results from the rapid thinning of the neck regiormechanisms are likely very different (e.g. twinning versus dislo-
just prior to fracture, and the inability of the image acquisitioncation slip). For these two microstructures, the work hardening
process to capture ample detail for the DIC analysis. This is imxponent is about 0.19. For the base microstructure (1), the
no way adversely affects the accuracy of the true stress—strawmork hardening exponent is significantly less, i.e. about 0.15.
behavior at strain levels that precede fracture. The lower work hardening exponent of the base microstructure
Selected true stress—true strain data fieign 14 (based on (1) is due to pre-existing cold work, which lowers the work

Eq. (A3)) were re-plotted irFig. 15using logarithmic scales to hardening rate. The 10-min SHT and aged microstructures are
assess how well the data fit a simple power law equateks”  apparently fully recovered and hence sustained an identical,
[27]. Data points at low plastic strains were left out of the plots.high work hardening rate. A higher work hardening exponent
All three plots inFig. 15show excellent straight line fits through pushes the maximum load point in a tensile test to a higher

1000 pm

00024 100 pym =—

®

Fig. 17. SEM images of fracture surfaces of AZ31 10-min SHT microstructure (2).
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strain level[28] giving higher uniform elongation values in the brightness of these particles is indicative of negative charge
10-min SHT and the aged microstructures. While the uniformbuild accumulation. This suggests that these particles have a
elongation values of the 10-min SHT and the aged microstrucsemi-metallic nature, and may in fact be oxides or intermetallic
tures are essentially identical, the post-uniform elongation fophases.

the 10-min SHT microstructure (2) is smaller than that of the The high magnification images iRigs. 16 and 1@ show
aged microstructure (3). As discussed earlier, these differencésittle fracture by both inter-granular and trans-granular sepa-
are due to different failure mechanisms associated with the largation. The fracture morphology iRig. 17 is coarser than in

and the fine grain microstructures. Fig. 16&d, which is consistent with the larger grain size of the 10-
min SHT microstructure (2) compared to the base microstructure
3.4. Fracture surfaces (2). Plate-like features iiig. 1 7c strongly suggest fracture either

along twin boundaries or shear bands in this coarse grain alloy.
Figs. 16—-1&how secondary electron images of fracture surdn addition to the brittle fracture, all microstructures exhibited
faces of the base, 10-min SHT, and aged microstructures, respedictile fracture in the form of microvoids. High magnifica-
tively. The low-magnification images ifigs. 16 and 1@and b tion images inFig. 18 capture the morphology and the size
show dark regions in the fracture surfaces. High-magnificatiorlistribution of microvoids in the fracture surface of the aged
images of the dark regionEjgs. 16e and 17freveal the pres- microstructure (3)Fig. 18 and f showed two distinctly different
ence of a bright particle at the center of each dark region. Theizes of microvoids, i.e. large microvoids that were about 10-15

Fig. 18. SEM images of fracture surfaces of AZ31 aged microstructure (3).
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glass-like particles may have their origin in the slag residue,
trapped in the microstructure during casting. How these parti-
cles affect the ductility of the alloys is not precisely known, but

it is likely that they ultimately limit ductility. On the other hand,
Mn particles in the aged microstructure (3) were precipitated by
the aging treatment, and hence they were found in far smaller
concentrations in the other microstructures. This suggests the
possibility that Mn particles may in fact have enhanced the duc-
tility of the aged microstructure (3) by some as yet unknown
mechanism.

Mg 6346 wt%
Al 2139 wt%
Mn 15157 wt.%

4. Conclusions

Tensile tests of three AZ31 Mg alloy microstructures, i.e. a
single phase, fine equiaxed grain AZ31 (base) Mg microstructure
(1); assingle-phase coarse grain, 10-min SHT microstructure (2);
a two-phase, fine equiaxed grain AZ31 Mg (aged) microstruc-
ture (3) (decorated with fine Mg(Al,Zn)12 grain-boundary
precipitates), were conducted to compare ductility and strength
differences. The main goals of the work were to determine which
of the three microstructures may have better room tempera-
ture formability (based upon uniaxial tensile tests) and what
microstructural features may contribute to improved formability
in conventional stamping processes. The digital image correla-
tion technique was used to compute tensile stress—strain curves

(@)

Mg

Mg

85.65 wt.% . ;.
1435 wt% - RS beyond diffuse necking for the three AZ31 microstructures, to

investigate the uniformity of strain contours in the neck regions
at the initial yield point and UTS, and to measure ductility via
Si tensile elongation to failure. The DIC data was also employed

2. 4, to predict hardening rates of each microstructure using a sim-
(b) Energy (eV) ple power law. Raw tensile tests results revealed that the single
Fig. 19. Electron dispersive spectra and approximate chemical composition fdtr)hase’ fine-grain AZ31 .t.)ase microstructure (1) showgd higher
second-phase particles found in the AZ31 aged microstructure (3). strength but lower ductility than the large-grain, ]'_O'mm SHT
microstructure (2). The two-phase AZ31 aged microstructure
(3), despite second-phase precipitation and finer grain size,
times larger in diameter than smaller microvoids (&#2). The  exhibited lower strength compared to the base microstructure
size of large microvoids about matches the grain size in thigl), but higher than the single-phase large-grain microstructure
microstructure, suggesting that the large microvoids are in fad2). However, the two-phase aged microstructure (3) exhib-
grain pullouts in an otherwise ductile fractufég. 18 and d ited the highest elongation of all three microstructures. These
shows close ups of the small and large microvoids, respectivelgbservations were confirmed quantitatively by the DIC analysis
which reveal the presence of second phase particles inside. Elegith predicted yields points of the base, 10-min SHT, and aged
tron dispersive spectroscopy (EDS) analysis of particles in thenicrostructures being 270, 165, and 210 MPa, respectively, and
aged microstructure (3), shown Fig. 19 suggests two dis- UTS values being 348, 281 and 308 MPa, respectively. The aged
tinct chemistries: sub-micron Mg—Al-Mn patrticles, and highly microstructure (3) accumulated the largest amount of strainin its
angular, glass-like particles, 1yn size, based on Mg-Si. The neck region atthe UTS compared with the other two microstruc-
composition of the Mg—Al-Mn phase iRig. 1% is some- tures. The largest strains that accumulated in the neck regions
what different from the expected second phase composition aif the base, 10-min SHT, and aged microstructures were 28%,
Mg17(Al,Zn)12. There are two possible reasons for this differ-34%, and 48%, respectively. The absence of twins in the aged
ence: (a) the Mgr(Al,Zn)12 composition is based on the Mg—Al microstructure (3) was reflected in its higher yield strength, and
binary phase diagram and not on the Mg—Al-Mn ternary phasedicated that plastic deformation likely occurred initially via
diagram, and (b) the EDS probe size is significantly larger thasolute/dislocation interactions and then dislocation slip; this is a
the micron to sub-micron size of the particles, and thus is pronpotentially useful condition for the delay of necking and increase
to be biased towards the matrix composition i.e. Mg. The Mg—Sin ductility. When compared with the fine grain AZ31 (base)
based particles were invariably found inside the large microvoidsnicrostructure (1), increased ductility of the aged microstruc-
only, suggesting a strong association of the Si-based particldare (3) was attributed to a combination of the following factors:
with the grain pull out/inter-granular fracture. The Mg-Si type (1) cold-work recovery after prolonged exposure at low temper-
particles were found in all three microstructures. These Si-baseature, and (2) more uniform deformation (avoidance of shear
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localization) due to the presence of fine MEAI,Zn)12 precip-  wherest? is the axial strain averaged along the bar cross-section

itates. Fracture surface analyses revealed Mg-Si type particlgsin the smallest width (i.e. the neck center line atMo, see
in all three microstructures. These may result from slag residugiq g):

trapped in the alloy during casting stage and could in fact limit
ductility of each material. 5(15) = ¢1(Mo, No) = max[e1(Mo, )], (A4)

In this study, the effects of recovery, grain size and the sec- j=LN
ond phase could not be independently investigated. Future Wiu/here

involve a fourth AZ31 microstructure that combines large grain .. corresponding to the grid poink§,No). This definition

size with second phas_e particles, Wh'.Ch’ along with the reSl_Jlth axial strain provides the upper bound estimate of measurable
O.f the current study, will allow separat|on of the effects of gralnaverage strain in the diffuse neck. Since the entire gage section
size and second phases on tensile behavior of AZ31 Mg she\(,evtaS used to com utéll) local strain heterogeneities and ara-
alloys. Future work is to be directed at using high-speed digi-,. P ' gen A

tal photography to better quantity fracture events in AZ31 Mgd'emS vyerg averaged-out over the gag)]e _(s;cﬂon._(,sb\)lternatlvely,
alloys. A new high-speed digital camera (Phantom V9.0 fromf"€ Strain fields selected for compu_tlEﬁ €1, andey”, were

Vision Research) has been acquired for this purpose. This willeasured over the entire neck region, or a selected part of the

provide a better estimate of fracture stresses/strains from tH&¥CK region, and hence local strain heterogeneities were more
DIC technique. accurately quantified. Both analytical and numerical analyses

have shown that the average axial true stra?ﬁ%%and 5(13) as
Acknowledgments defined, respectively, by Eq@\2) and (A3) are the most accu-
rate estimatefl 8] of uniaxial true strain and true stress (via Eq.

The authors are grateful to Anita Weiner for the micro- (1)) beyond diffuse necking in various tensile bar geometries.
hardness measurements, M. Balogh for the X-ray diffractiorThe definitionsz{” and&{™ provide uniaxial true stress—strain
measurements, Greg Campeau for DASYLab and image preurves that bound the actual uniaxial true stress—strain curve
gramming. P.E. Krajewski and M.V. Verbrugge provide helpful irrespective of tensile bar geometry.

commentary on an earlier version of the report.

5(15) is the maximum axial strain at the center of a diffuse
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