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Optimization of solution treatment of ZK60 magnesium alloy
using differential scanning calorimetry and electron microscopy
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Abstract

A method for optimization of solution treatment of ZK60 magnesium alloy was proposed
based on differential scanning calorimetry (DSC) and electron microscopy. It was shown that
the calorimetric measurements could very sensitively identify the type and amount of second-
ary phases present in cast materials and help to find out the optimal processing temperature
and time. The temperature of 360◦C was identified as the optimal temperature for the solu-
tion treatment of ZK60 alloy. The microstructure after optimized processing was documented
by light and electron microscopy. The MgZn2, Mg4Zn7 and ZrZn2 secondary phases were
identified by electron diffraction and EDS microanalysis. The mechanical properties, namely
ductility at elevated temperatures, were determined in deformation tests and compared to
processing at conditions reported in literature.
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1. Introduction

Magnesium alloys, because of their potential ap-
plications as lightweight materials, have attracted a
great research interest [1–5]. The technology of using
cast magnesium alloys for the preparation of mechan-
ical and structural parts has advanced considerably.
However, the application of cast metal parts is limited,
thus also the wrought metal parts should be replaced
by magnesium alloys for full realization of the weight
reducing possibilities. This possibility is severely lim-
ited due to the lack in plastic processing and forming
technologies.
The reason for the limited forming behaviour is

mainly the crystalline structure of magnesium, which
is hexagonal-closed-packed (HCP), a structure that
leads to scantiness of slip systems, for the detailed
description see e.g. [6]. As a result, magnesium and
its alloys show poor plastic deformation potential at
room temperature and the forming processes in mag-
nesium materials are possible only under strictly con-
trolled conditions, such as deformation rate, process
temperature, loads, lubricants, etc. Nevertheless, cru-
cial is namely the microstructure of the material for
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forming, as grain size, isotropy and phase composition.
In ZK series alloys (magnesium alloyed with zinc

and zirconium), the addition of Zr leads to an increase
of the strength of the material [7]. Presence of Zr leads
to formation of stable ZrZn2 particles, which decrease
mobility of grain boundaries and stabilize fine-grained
structure even at high temperatures [8]. As regards
the micromechanics of plastic deformation, unlikely
to most commonly used AZ series alloys which ex-
hibit a balanced slip of 〈a〉 and 〈c + a〉 dislocations,
the ZK series alloys prefer a non-basal 〈c + a〉 slip
[9]. Twinning plays generally an important role in the
deformation of magnesium-based alloys, see e.g. [10].
If ZK series alloys are prepared by severe plastic de-
formation (SPD), the grain structure can be refined
to submicrometer range [11]. Figueiredo and Langdon
[12, 13] have reported that magnesium ZK60 alloys
exhibit excellent superplastic properties after SPD.
Thermal treatment of ZK60 alloys has been in-

vestigated in the past [14–17] resulting in a rather
broad interval of recommended processing paramet-
ers, namely the temperature of solution treatment up
to 430◦C and annealing times up to 10 hours. The aim
of this work is to suggest a method for optimization of
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Fig. 1. Particles on grain boundary, mostly of MgZn2
phase.

solution thermal treatment of magnesium ZK60 alloy
based on experimental results obtained using differen-
tial scanning calorimetry (DSC) and electron micro-
scopy.

2. Experimental procedure

Thermal analysis was performed using high tem-
perature differential scanning calorimeter NETSCH
DSC 404C flushed with argon at 40 ml min−1. For the
observation of microstructure the scanning electron
microscope JEOL 50XA with a Bruker QUANTAX
200 energy dispersion microanalysis system (EDS) and
transmission electron microscope JEOL 200FX with
energy dispersion analyzer (EDAX) Link AN 10000
were used. Tensile tests were performed using a screw-
-driven Instron 5882 machine.
From the ingots of direct chill (DC) cast mag-

nesium ZK60 alloy, the samples were cut for the
DSC measurements, light and electron microscopy
and tensile tests. The samples for tensile tests were
flat samples, 1 mm thick and 6mm wide with gauge
lengths of 40mm. Tensile tests were performed at the
initial strain rates of 0.01 s−1 and 0.05 s−1 at 300◦C
and 350◦C. These conditions are typical for forming
of the material at high temperatures (forging).

3. Experimental results

The investigations of the microstructure of the
as-cast material by transmission electron microscopy
(TEM) showed particles of secondary phases, predom-
inantly at the grain boundaries. The majority of these
particles were identified as MgZn2 particles, whereas

Fig. 2. Diffraction pattern from a particle containing Zn:
a) compared with a simulated pattern, b) indexed unam-
biguously as [1 −1 0 −2] pole patterns of MgZn2 hexagonal

phase.

the diffraction pattern from another (less common) Zn
containing particles can be, most probably, interpreted
on the base of monoclinic structure Mg4Zn7. Figure 1
shows particles at grain boundary, mostly of MgZn2
phase. A diffraction pattern from a particle contain-
ing Zn indexed unambiguously as [1 −1 0 −2] pole
pattern of MgZn2 hexagonal phase is shown in Fig. 2.
The diffraction pattern has been taken from one of
the small particles that decorate the grain boundary
on the right.
The results of DSC measurements in the as-cast

condition are shown in Fig. 3. From DSC, the tem-
perature of 360◦C was identified as the optimal tem-
perature for solution treatment. After annealing for
2 hours at 360◦C in an argon atmosphere, the peak
between 340◦C and 350◦C was not observed any more
in DSC spectrum leading us to conclusion that the
phase transformation was finished during annealing.
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Fig. 3. DSC signal from ZK60 alloy in as-cast state.

Fig. 4. The effect of annealing: a) as-received state, b) an-
nealed 2 hours at 360◦C.

In Fig. 4 the light micrographs of the alloy in the as-
received state and after annealing 2 hours at 360◦C are

Fig. 5. SEM micrographs of samples annealed: a) 10 hours
at 390◦C, b) 2 hours at 360◦C.

shown. Secondary phases in grain boundaries were not
observed any more after annealing, which confirms the
conclusions made on the base of DSC measurements.
This optimized thermal treatment at 360◦C was

compared with a thermal treatment for 10 hours at
390◦C, i.e. an intermediate temperature and max-
imum time as used in literature [14–17]. The SEM im-
ages of the microstructure presented in Fig. 5 showed
no significant differences between these two annealing
treatments; only a small amount of particles of sec-
ondary phases were found, predominantly in the grain
boundaries.
The ductility of a material is crucial for forming;

therefore the optimized thermal processing was veri-
fied by tensile tests at temperatures 300◦C and 350◦C,
used usually for forging of magnesium alloys. The res-
ults of the tests at 300◦C are presented in Fig. 6. The
elongations to failure of the samples after optimized
thermal treatment 2 hours at 360◦C are comparable
or better than those after annealing for 10 hours at
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Fig. 6. Comparison of flow curves at 300◦C and strain rate

of 0.05 s−1.

390◦C. Similar results have been received also at de-
formation temperature 350◦C (not shown).

4. Discussion

Composition of the particles of secondary phases,
i.e. hexagonal MgZn2 and monoclinic Mg4Zn7 phases
as has been determined from TEM diffraction is in
accordance with the study of Gao and Nie concerning
the binary Mg-8.%Zn alloy [18] where both MgZn2
and Mg4Zn7 phases were identified after ageing at
200◦C. Besides these two phases, the addition of Zr
leads to the formation of ZrZn2 precipitates which de-
crease the mobility of grain boundaries and lead thus
to the stabilization of fine-grained structure [8, 19] and
positively affects both plasticity during forming and
strength at the operating temperature of the even-
tual final part. In the present study, this finding [8,
19] has been confirmed by the microanalysis (EDS) of
the particles at the grain boundaries that identified
particles of stoichiometric composition corresponding
to ZrZn2. We have not observed any precipitates con-
taining all three alloying elements (Mg, Zn, Zr) what
is in accordance with [8] where the Mg7(Zn, Zr)3 pre-
cipitates have been observed in ZK60 alloy only after
the processing that included also a pre-straining, not
in the case of solely thermal treatment.
If we compare the optimized conditions of solution

treatment found in the present study to the literature
data [14–17], the most similar are the conditions pro-
posed by Chen et al. [17], i.e. annealing at 375◦C for
3 hours. Unfortunately the criteria for selecting this
temperature are not stated in the study [17] although
the subsequent optimization of the ageing treatment
(i.e. precipitation hardening as a part of the T6 pro-
cess) is described in very deep detail. Moreover, in
another study of these authors [16], significantly dif-

ferent conditions have been used: 430◦C for 6 hours,
which leads us to the conclusion that the temperature
of solution treatment has been selected rather arbit-
rarily in the region above the dissolving temperature
of secondary phases. Nevertheless, setting the temper-
ature and time of the thermal treatment to higher
values than it is necessary for the complete dissolving
of secondary phases leads to the growth of grain size
and thus to the deterioration of the properties of the
material.

5. Conclusions

The following conclusions can thus be drawn based
on the results of this study:
1. From DSC measurements, the temperature of

360◦C and time of 2 hours were found as optimal
conditions for solution treatment of ZK60 alloy. The
tensile tests verified that the mechanical properties
(particularly the ductility at the temperature of form-
ing) after the solution treatment at conditions pro-
posed in the present study are comparable or better
than after the treatment reported in literature.
2. The majority of secondary phases present in the

structure before the solution treatment were identified
as MgZn2 and Mg4Zn7 by TEM.
3. Stable particles that remained at the grain

boundaries after solution treatment were identified as
ZrZn2 phase by the means of EDS microanalysis.

Acknowledgements

This work is a part of the EU project MagForming,
funded by the 6th Framework Program, priority 4 – Aero-
nautics and space, under Contract No. 030852. Partial sup-
port by research program MSM 0021620834, financed by
the Ministry of Education of the Czech Republic, is also
gratefully appreciated.

References

[1] ESTRIN, Y.—YI, S. B.—BROKMEIER, H. G.—
ZUBEROVA, Z.—YOON, S. C.—KIM, H. S.—HELL-
MIG, R. J.: Int. J. Mater. Res., 99, 2008, p. 50.

[2] MILIČKA, K.: Kovove Mater., 46, 2008, p. 323.
[3] TROJANOVÁ, Z.—SZÁRAZ, Z.—RYSPAEV, T.—
WESLING, V.: Kovove Mater., 46, 2008, p. 285.

[4] BALÍK, J.—LUKÁČ, P.—BOHLEN, J.—KAINER,
K. U.: Kovove Mater., 45, 2007, p. 135.

[5] DOBROŇ, P.—BOHLEN, J.—CHMELÍK, F.—LU-
KÁČ, P.—LETZIG, D.—KAINER, K. U.: Kovove
Mater., 45, 2007, p. 129.

[6] RUDAJEVOVÁ, S.—KRÁL, R.—LUKÁČ, P.: Ko-
vove Mater., 46, 2008, p. 179.

[7] POLMEAR, I. J.: Light Alloys. Metallurgy of the
Light Metals. 3rd edition. London – New York –
Sydney – Auckland, Arnold Press 1989.



R. Král et al. / Kovove Mater. 47 2009 233–237 237

[8] GALIYEV, A. M.—KAIBYSHEV, R. O.: In: Pro-
ceedings of Superplasticity and Superplastic Forming.
Eds.: Ghosh, A. K., Bieler, T. R. Warrendale, PA,
USA, TMS Publications 1998, p. 20.

[9] AGNEW, S. R.—MEHROTRA, P.—LILLO, T. M.—
STOICA, G. M.—LIAW, P. K.: Acta Mater., 53, 2005,
p. 3135.

[10] RUDAJEVOVA, S.—KRAL, R: Int. J. Mater. Res.,
100, 2009, p. 413.

[11] ESTRIN, Y.—HELLMIG, R. J.: Metal Sci. Heat
Treatment, 48, 2006, p. 504.

[12] FIGUEIREDO, R. B.—KAWASAKI, M.—XU, C.—
LANGDON, T. G.: Mater. Sci. Eng., A493, 2008, p.
104.

[13] FIGUEIREDO, R. B.—LANGDON, T. G.: Mater.
Sci. Forum, 584, 2008, p. 170.

[14] WATANABE, H.—MORIWAKI, K.—MUKAI, T.—
OHSUNA, T.—HIRAGA, K.—HIGASHI, K.: Mater.
Trans. JIM, 44, 2003, p. 775.

[15] GU, M.—WU, Z.—JIN, Y.—KOCAK, M.: Mater. Sci.
Eng., A272, 1999, p. 257.

[16] KANG, S. B.—CHO, J. H.—KIM, H. W.—JIN, Y. M.:
Mater. Sci. Forum, 567, 2008, p. 361.

[17] CHEN, H.—KAN S. B.—YU, H.—CHO, J.—KIM, H.
W.—MIN, G.: J. Alloys Compounds, 2009 (in press).

[18] GAO, X.—NIE, J. F.: Scripta Mater., 56, 2007, p. 645.
[19] WATANABE, H.—MUKAI, T.—ISHIKAWA, K.—

HIGASHI, K: Scripta Mater., 46, 2002, p. 851.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


