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Project 39: Solute and Precipitate 
Effects on Magnesium 
Recrystallization 

• Student: Gillian Storey (Mines)

• Advisor(s): Kester Clarke and Amy Clarke (Mines)
Project Duration

MS: August 2019-August 2021

• Problem: Current recrystallization studies focus on 
texture modification and grain size reduction 
mechanisms that are not industrially viable

• Objective: Study the effects of varying precipitate and 
solute content on recrystallization kinetics. Determine 
effects of kinetics on hot working parameters and 
material properties. (Proposed alloy: modified ZK60)

• Benefit: Common alloys may be studied using 
standard processing parameters modified for 
industrial benefit. 

Metrics

Description % Complete Status

1. Literature review 90% ●

2. Determine classical Avrami parameters and Zener pinning parameters in static recrystallization 0% ●

3. Adaptation to dynamic recrystallization and hot working 0% ●

4. Characterization of recrystallization mechanisms that are enhanced (or retarded) 0% ●

5. Investigate mechanical and microstructural properties effected by recrystallization kinetics 0% ●

Recent Progress

• Literature review

• Initial experimental matrix formulation

• Initial study of ZK60 baseline material
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Outline

• Project Overview / Industrial Relevance

• Literature Review Highlights 

• Sample Preparation

• Cold Rolling Trials

• Proposed Material and Heat Treatments

• Future Work
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Project Overview

• Comparative study on effects of varying precipitate and solute 
content on recrystallization kinetics in Mg alloys

• ZK60: nominally Mg-5.8 Zn-0.65 Zr (wt%) [1]
‒ Commercial alloy with insoluble Zn-Zr particles and Mg-Zn precipitates 

that influence grain size and recrystallization [2]

• Determine classical Avrami and Zener pinning parameters for 
static recrystallization. Then, adapt to dynamic recrystallization 
and hot working

• Determine effects of microstructural development kinetics on hot 
working parameters and material properties 
‒ Microstructural characterization and texture evaluation through electron 

backscatter diffraction (EBSD)

‒ Static recrystallization studies using conventional furnaces

‒ Uniaxial compression tests for dynamic recrystallization using a Gleeble 
3500 thermomechanical simulator
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Industrial Relevance

• Understanding the initiation of dynamic recrystallization 
for constant strain rate hot deformation processes 
further defines industry processing parameters for ZK60

[3] Shahzad, M., Janecek, M., Wagner, L., 
International Journal of Materials Research, 
2009
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Previous Work

• ZK60: commercial alloy with 
insoluble Zr particles that influence 
grain size and recrystallization [2]
‒ Age (precipitation) hardening [4]

• Replace Zr with rare earth 
elements, such as Ce or La. 
Improves high temperature 
strength and creep resistance [5]

• Recrystallization driving force (T, ε)

[5]
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Extrusion of Mg Alloys

• ASTM B107/B107M-13 [6]
‒ Guideline for Mg-alloy 

extrusion of bars, rods, 
profiles, tubes, and wires 

‒ Bars and wires: Minimum 
tensile strength and yield 
strength for ZK60 are 296 
MPa (43.0 ksi) and 213 
MPa (31.0 ksi) 

‒ Additional product 
dimensional tolerances 

‒ Experimental material 
conforms to this standard
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Flow Curves for ZK60

[7] A. Galiyev, R. Kaibysev, G. Gottstei, Acta Materialia, 2001

150 °C, 302 °F

200 °C, 392 °F

250 °C, 482 °F

300 °C, 572 °F
350 °C, 662 °F

450 °C, 842 °F
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Flow Curves for ZK60

(a) T: 150 °C, 302 °F 

basal slip

(b) T: 150 °C, 302 °F 

short slip lines of 

{11ത22}<ത1ത123> 

(c) T: 250 °C, 482 °F 

basal, non-basal

(d) T: 250 °C, 482 °F 

short wavy lines 

of cross-slip

(e, f) T: 350 °C, 662 °F 

extensive multiple slip

(ε= 12% and ሶε=2.8x10−3𝑠−1) [7] A. Galiyev, R. Kaibysev, G. Gottstei, Acta Materialia, 2001
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Influence of Ce additions

• Rare earth elements: atomic numbers 57 to 71

‒Cerium; atomic number: 58; atomic mass: 

140.12; FCC; CN=1

• Attractive properties of RE additions connected to 
respective phase diagram [8]

• Potentially increase hardness and strength [9]
‒ Increase in precipitate formation

• Mg12Ce [8] and/or MgZn2Ce [9]
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Influence of Ce additions

[8] Rokhlin, L., Magnesium Alloys Containing 
Rare Earth Metals, Taylor & Francis, 2003. 

[10] Schmid-Fetzer, R., and Grobner, J. Thermodynamic 
Database for Mg Alloys--Process in Multicomponent 
Modeling, Institute of Metallurgy, Clausthal University of 
Technology, 2012.
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Recent Progress
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Sample Preparation

• Initial sectioning 
‒ High-speed abrasive wheel, grinding with 600 grit grinding paper

• Cold epoxy mount
‒ Max curing temperature of 40°C for 24 hours

‒ With and without conductive filler 

• Polishing
‒ Grinding to 1200 grit. Polished sequentially to 6𝜇m, 3𝜇m, and 1 𝜇m diamond on 

a LECO PX500 Automatic Polisher. Final polishing with 0.05 𝜇m colloidal silica 

‒ Cleaning with water, isopropanol, and compressed air. When polishing is 

completed, samples are cleaned with 2% micro-organic soap and sonicated in 

isopropanol for 10-15 minutes [11]

‒ Optical microscopy to ensure adequate polishing

• Etching 
‒ Glycol or Acetic-Picral solution 

‒ 3-5 seconds
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Cold Rolling Trial Plan

• Experimental material will 
be pre-strained by cold 
rolling up to 80% reduction 
[7]
‒ Assume cold rolling increases 

hardness uniformly due to increase 
in stored strain energy 

• Proposed geometry: flat 
plates. Thickness=2, 3, 4 
mm to test rolling 
parameters 
‒ One study cold rolled ZK60 ingots cut 

to 100 x 50 x 3 mm3 to a total 
reduction of 63.3% [10]

Rolling mill in Hill Hall at the Colorado School of Mines
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Proposed Material

• Nominal ZK60 composition (Mg-5.8 Zn-0.65 Zr, wt%) 
with substitution of various percentages of Ce for Zr
‒ The nominal ZK60 composition is stated in ASTM B91-17 [1]

• Experimental matrix based on following compositions

Complete Solid 
Solution

~1 % Pinning Phases ~ 3% Pinning Phases

Low solute - Mg-1.40Zn-0.38Ce -

Med solute - Mg-3.52Zn-0.38Ce -

High solute Mg-4.21Zn Mg-5.26Zn-0.12Ce Mg-6.78Zn-0.31Ce
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Proposed Heat Treatments

• Performed after all cold rolling trials

• Microstructural analysis will be completed after each time-
temperature combination in order to calculate percent 
recrystallization

• Create static recrystallization model

HT=heat treat
Q=quench

- 6 hours 8 hours 12 hours 20 hours 48 hours 60 hours 72 hours

300 °C/573K HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q

350 °C/623K HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q

400 °C/673K HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q
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Heat Treatment Justification

• Rectangular plates of commercial ZK60 ingot cut to 100 x 50 x 3 mm3, 
homogenized at 340°C for 6 h and rolled at room temperature. 
Recrystallized (unknown percentage) after 10 h at 390°C [10]

• In a DRX study [7], uniaxial compression tests were carried out between 
150 and 450°C for time intervals of 10 to 30 hours at strain rates between 
10-5 and 10-1 s-1

- 6 hours 8 hours 12 hours 20 hours 48 hours 60 hours 72 hours

300 °C/573K HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q

350 °C/623K HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q

400 °C/673K HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q HT+Q

HT=heat treat
Q=quench
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Progress

• Mounted and polished samples 
of initial trial material 

• Learning to etch 

• Participated in rolling of an Al 
alloy for training 

• Perform rolling trials on AZ31 
magnesium material 
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Future Work

• Compile the literature review

• Cold rolling trials of experimental material 

• Heat treatment (300, 350, and 400°C) and times (6 - 72 
hours) to determine a static recrystallization kinetics 
model 

• EBSD imaging of the heat treated specimens to 
determine percent recrystallization and overall 
microstructural evolution 

• Uniaxial compression tests for dynamic recrystallization 
using a Gleeble 3500 thermomechanical simulator
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Challenges and Questions

• Lowest deformation polish?
‒Will be confirmed through imaging and 

microstructural analysis

• Thermo-Calc: Systematic way to limit the 
number of phases to analyze? 
‒Currently comparing literature review to 

Thermo-Calc results
‒Will be confirmed by x-ray diffraction
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Progress

1. Literature Review and Background

Recrystallization mechanisms

Extrusion process

Influence of rare earth elements

Equipment Training

2. Coursework

3. Experiments

Cold Rolling Trials

Heat Treatments

EBSD analysis

Microstructural Characterization

Gleeble Trials

Texture analysis

4. Thesis

Masters Defense



22Center Proprietary – Terms of CANFSA Membership Agreement ApplySUMMER 2020 VIDEOCONFERENCE

Works Cited

1. ASTM Standard: B91-17, Standard Specification for Magnesium-Alloy Forgings, ASTM International. 
2. T. Bhattacharjee, T. Sasaki, B. Suh, Role of Zr in the Microstructure Evolution in Mg-Zn-Zr Based Wrought Alloys, 

Magnesium Technology, (2015) 1-16. 
3. Shahmad, M., Janecek, M., Wagner, L., Effects of prior homogenization heat treatments on microstructure 

development and mechanical properties of the extruded wrought magnesium alloy ZK60, International Journal 
of Materials Research, 2009. 

4. J. Cho, S. B. Kang, Deformation and Recrystallization Behaviors in Magnesium Alloys, InTech-Open Science, 
(2013) 1-4. 

5. E. I. Poliak, J.J.Jonas, Initiation of Dynamic Recrystallization in Constant Strain Rate Hot Deformation, ISIJ 
International. 43 (2003) 684-691. 

6. ASTM Standard: B107/B107M-13, Standard Specification for Magnesium-Alloy Extruded Bars, Rods, Profiles, 
Tubes, and Wires, ASTM International.  

7. A.Galiyev, R. Kaibysev, G. Gottstei, Correlation of Plastic Deformation and Dynamic Recrystallization in 
Magnesium Alloy ZK60, Acta Materialia. 49 (2001) 1199-1207.

8. Rokhlin, L, Magnesium Alloys Containing Rare Earth Metals, Taylor & Francis, 2003. 
9. Sheikhani, A, Palizdar, Y, The effect of Ce addition (up to 3%) and extrusion ratio on the microstructure and 

tensile properties of ZK60 Mg alloy, IOP Publishing Ltd, 2019. 
10. Schmid-Fetzer, R., and Grobner, J. Thermodynamic Database for Mg Alloys--Process in Multicomponent 

Modeling, Institute of Metallurgy, Clausthal University of Technology, 2012.
11. Jin, W., Fan, J., Zhang, H., Microstructure, mechanical properties and static recrystallization behavior of the rolled 

ZK60 magnesium alloy sheets processed by electropulsing treatment, Journal of Alloys and Compounds, Elsevier, 
2015. 

12. Davis, Casey, Effects of high shear deformation from equal channel angular pressing-conform on the 
microstructural and mechanical properties of magnesium alloys, Colorado School of Mines, 2019. 



Center for Advanced
Non-Ferrous Structural Alloys
An Industry/University Cooperative Research Center

23
Center Proprietary – Terms of CANFSA 

Membership Agreement Apply

Thank you!

Any comments, questions, or feedback?

Gillian Storey

gkstorey@mines.edu


