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Abstract 

Magnesium alloys developed for high temperature applications 
may become a material of choice in structural components 
exposed to elevated temperatures, for example, around automotive 
front end structures. Performance of wrought materials, however, 
often depends on the direction of the load with respect to the 
extrusion direction. 

This study focused on investigating compressive creep response 
of three extruded magnesium alloys: AE42, EZ33 and ZE10 in the 
longitudinal and transverse directions. In-situ neutron diffraction 
experiments on evolution of primary and secondary creep strain at 
175°C, 50MPa load for the duration of 24 hours was studied for 
several crystallographic planes. 

The results suggest that the AE42 alloy exhibited significant strain 
fluctuations on the basal (0002) and (1012} planes, possibly 
related to plastic deformation processes of grain boundary sliding 
or twinning. In contrast, EZ33 and ZE10 alloys had a significantly 
lower and more uniform strain deformation in both elastic and 
plastic regime. Micro structure analysis revealed that the AE42 
alloy consisted of large AlnRE3 particles with Mg17Al12 phase 
forming around Al-RE particles and in intergranular regions, 
while the aluminum-free alloys contained complex intermetallics 
on the grain boundaries, as well as Zn-RE nanoscale dispersoids 
throughout the matrix. 

Introduction 

The primary challenge with utilizing more Mg alloys in vehicles 
stems mainly from their relatively high cost (-50% higher than 
that of aluminum alloys) and their poor creep resistance above 
120 °C. The loss of strength at elevated temperatures has been 
attributed to grain boundary movement and plastic deformation, 
which ultimately lead to inter-granular failure [1]. Enhancing the 
creep resistance of magnesium alloys has therefore been the 
subject of intense international research efforts. 

Magnesium with its HCP crystal structure is known to have only a 
limited number of slip systems. In general, slip most readily takes 
place on the close-packed basal plane (0002) followed by a 
secondary slip on the (1011) planes [1]. The addition of rare 
earth elements (REs) to aluminum containing magnesium alloys 
was seen to significantly increase creep resistance due to the 
formation of thermally stable intermetallic compounds along the 
grain boundaries [2]. The low solubility of REs in Mg results in 
the formation of (Mg,Al)xREy complex intermetallics, which 
decreases the Al saturation in the matrix and decrease the 
possibility of undesirable ß-phase formation [3]. 

The addition of REs to Mg-Zn alloys has been also seen to 
increase creep resistance due to precipitation hardening [4]. 
MgxREy and MgxZny intermetallic compounds readily form in 
EZ magnesium alloys due to the low solid solubility of REs in 
Mg. Additional RExZny intermetallic compounds on the grain 
boundaries were seen to remain stable at temperatures as high as 
420°C [5]. With the increasing concentration of rare earths, 
presence of fine precipitates dispersed throughout the matrix was 
reported. The role of these precipitates, however, on the creep 
performance required further study [6]. 

In this research, the longitudinal and transverse compressive creep 
strain of AE42, EZ33 and ZE10 wrought alloys was measured 
using an in-situ neutron diffraction technique. The creep 
performance was subsequently related to the alloy microstructure 
and the observed creep strain anisotropy is discussed. 

Experimental Setup 

Alloy samples were produced by Timminco Corporation Canada 
via proprietary controlled-cooling permanent mold casting 
followed by hot extrusion. Quality of all cast and extruded 
samples was inspected with respect to inclusions, cracking and 
porosity. The composition of the alloys conformed to the ASTM 
composition limits for each alloy. 

The extruded alloys were machined to cylindrical specimens 
according to the ASTM El39-70 standard for compressive creep 
testing of Mg alloys. The longitudinal axis of the cylindrical test 
specimen was aligned either with the extrusion axis (EA) of the 
billet, i.e., along the longitudinal (L) direction parallel to EA or 
along the transverse (T) direction perpendicular to EA. 
Compressive creep strain and micro structure were studied in these 
two directions. 

Neutron Diffraction 

Compressive creep strain in-situ measurements were carried out at 
the National Research Council-Canadian Neutron Beam Center 
(NRC-CNBC) in Chalk River, ON. Material samples were 
maintained at 175°C with infrared heaters, and then loaded in 
compression at 50MPa over a 24 hour period. Elastic creep 
microstrain was measured using the peak-shift method for the 
(1UÏ0), (0002) , ( 1 0 Ï 1 ) , (10 Î2 ) and the (2ÏÏÛ1 planes. In 
addition to measuring crystallographic strain, a traditional 
extensometer was used to measure the total (plastic and elastic) 
compressive creep strain during the experiment. A detailed 
description of the neutron diffraction experiments, set-up and 
methods of calculating compressive strain has been published by 
the authors earlier [7]. 
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Optical and Electron Microscopy 

Alloy samples were prepared for micro structure analysis using 
standard polishing procedures for Mg alloys. AE42 alloy was 
etched with acetic glycol to reveal the grain size and general 
microstructure. EZ33 and ZE10 alloys were etched using dilute 
nitric acid to reveal second phases. Optical microscope (Zeiss 
AxioObserver) and scanning electron microscope (Tescan Mira-3) 
with XEDS capability were used to study the alloy micro structure 
and chemical composition. 

Results and Discussion 

Neutron Diffraction Creep Microstrain Measurement 

The results of compressive creep measurements using an 
extensometer are provided in Figure 1. The values show the 
combined plastic and elastic creep strain during the test. In both 
orientations (L and T), the AE42 alloy experienced the greatest 
compressive creep, while EZ33 and ZE10 alloys showed an order 
of magnitude smaller strain. Further, the results suggest that the 
AE42 alloy continued to creep with time, while the EZ33 and 
ZE10 alloys reached a stable creep strain after a short primary 
creep stage, and remained at this creep level for the remainder of 
the test. Consequently, the results suggest that aluminum-free 
alloys were significantly more stable than current industry high-
temperature benchmark AE42 alloy. 

The duration of the creep test ranged from 1 2 - 2 4 hours for the 
samples tested in the L direction, and from 23-100 hours for the 
samples tested in T direction. By extrapolating the data points of 
the secondary creep stage (linear portion with constant slope on 
the creep curve in Figure 1) the creep strain at 100 hrs was 
estimated for all the samples. In the case of the AE42 alloy, the 
creep strain in the transverse direction was -38% greater than in 
the longitudinal direction, with a total alloy average strain of 
11.8% after 100 hrs. In contrast, at 100 hrs, both EZ33 and ZE10 
alloys outperformed the AE42 alloy in creep resistance, with an 
average creep strain of only 0.07%) and 0.17%, respectively, as 
seen in Figure 2a. 

Figure 2b summarizes the relative creep resistance of each alloy 
based on the ratio of creep strain in the L- and T-directions. The 
results indicate that the AE42 and ZE10 alloys exhibited 
comparable strain isotropy in both directions, while the EZ33 
alloy deformed readily in the transverse direction (0.12%), but 
exhibited good creep resistance in the longitudinal direction 
(0.03%o). Thus, the response of the EZ33 alloy was highly 
aniso tropic. This result will be related to the alloy's 
microstructure, as will discussed in subsequent sections. 

The results of in-situ elastic creep strain measurement via neutron 
diffraction are presented in Figure 3 (Longitudinal direction) and 
Figure 4 (Transverse direction). The data presented in Figures 3 
and 4 indicates that all the samples generally come to the steady 
state creep (secondary creep) within the first two hours of loading. 
Following this, the elastic microstrains obtained in the neutron 
diffraction experiments remain relatively constant. This validates 
the strain-extrapolation approach adopted in this study to estimate 
the 100-hr strains presented in Figure 2. 

Figure 1: Compressive total (plastic + elastic) creep strain in: 
a) Longitudinal direction, and b) Transverse direction 
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Figure 2: a) Secondary creep after 100 hrs; b) Relative cree
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Figure 3: Creep microstrain in the longitudinal direction. 

Longitudinal Direction 

It was observed that the creep strain on the close packed basal 
plane (0002) in all alloys exhibited the greatest fluctuations during 
the creep test. This result was related to the strong basal texture 
frequently observed in the extruded samples, with a very high 
tendency of the (0002) poles to align perpendicular to the EA. The 
texture may get further modified as a result of creep-induced 
deformation [8]. Although the load on the cylindrical specimens 
remained compressive at all times during the test, the (0002) basal 
planes often exhibited tensile - compressive - tensile strain 
fluctuations, particularly in the case of the AE42 alloy. These 
fluctuations were likely an indicator of plastic deformation 
processes via grain reorientation (due to grain boundary sliding) 
and/or due to localized twinning. The authors have reported on 
twinning of the AE42 alloy during compressive creep earlier [9]. 

The presence of twinning was also suggested by observing the 
microstrain profile for the ( l u i 2 ) plane, which is a preferred 
twin plane in Mg alloys, and was seen to exhibit significant strain 
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Figure 4: Creep microstrain in the transverse direction 

reversal oscillations. The strain on the remaining crystallographic 
planes was seen to remain relatively uniform. In the case of the 
aluminum-free alloys EZ33 and ZE10, the creep microstrain 
remained uniform, with the exception of (0002) basal plane 
fluctuations. These fluctuations, however, remained 
predominantly in the compressive state, unlike in the AE42 alloy 
where tension evolved. It is of interest to note, that twinning was 
not observed in the EZ33 or ZE10 alloys, which is in agreement 
with the uniform strain on the . ' l u i l i and : ' i u l 21 planes. 

Transverse Direction 

The elastic strain response of the studied crystallographic planes 
varied depending on the sample loading direction, as seen in 
Figure 4, a-c. The compression-tension (0002) strain fluctuations 
observed in the L-samples were not readily observed in the T-
samples. It is suggested that as grain boundary sliding likely 
occurred parallel to the c-axis of the grains (due to the strong 
extrusion-type basal texture), the basal plane strain was less 
affected and remained relatively constant for the T-samples. 



The magnitude of the (0002) microstrain in the AE42 alloy was 
-1000 [in/in], which was of the same order of magnitude as the 
strain on the remaining crystal planes. The only exception was the 
microstrain on the (1012) plane, which was less stable and 
reached only -700 [in/in]. Such relative decrease in elastic strain 
values frequently indicates reduced yield strength of the material, 
resulting in enhanced plastic deformation of the material [10]. The 
lower values of microstrain on :f!012) planes may therefore 
indicate higher levels of plastic deformation on these planes. It is 
likely that this plastic deformation, however, was not necessarily 
accommodated by twinning, since the level of microstrain 
remained relatively constant. Similar observation was made for 
the other alloys as well. 

The range and magnitude of the microstrain recorded for the L-
oriented samples are comparable to the values recorded for the T-
oriented samples (see Table 1 ). The close proximity of the results 
for the AE42 and ZE10 suggests relative deformation isotropy for 
the two alloys in both orientations. In contrast, significant 
reduction of microstrain for the T-oriented sample of EZ33 alloy 
as compared to the values for L-oriented sample indicate 
anisotropy in plastic deformation of this alloy in the two 
orthogonal orientations, also observed in the analysis of the 
relative creep resistance of the alloys (Figure 2). This observation 
may have far-reaching practical implications, indicating limitation 
in the application of this alloy in the structural components 
subjected to elevated temperatures and directional load. 

Table 1 : Range of microstrain for ( 1010), (1011 ) and (2110 ) 
crystallographic planes. 

Alloy 

AE42 
EZ33 
ZE10 

Microstrain range for 
the L-oriented 

samples 
-600-1100 
-500 -1000 
-1000-1100 

Microstrain range for 
the T-oriented 

samples 
-800 -1250 
-500 -700 
-800-1350 

Alloy Micro structure 

Optical micrographs of the post-creep alloys are provided in 
Figure 5 and 6. The evident extrusion texture observed in the 
AE42 and EZ33 alloys reveals that second phases strongly 
segregated between the elongated grain boundaries in the 
longitudinal direction. In contrast, ZE10 alloy had intermetallics 
relatively uniformly dispersed throughout the microstructure in 
both directions. 

The AE42 alloy contained massive Al-RE intermetallics (Black 
particles in Figure 5a and 6a), which exhibited severe fracturing 
as a result of creep testing, as seen in Figure 7. These phases 
consisted of Mg-(32 wt%Al, 27wt%Ce, 21 wt%La, 6wt% Nd) 
and traces of Pr, as determined from SEM-XEDS analysis. It has 
been established that La:Nd ratio below 0.7 promotes formation of 
A12RE phase, whereas higher La:Nd ratios promote formation of 
AlnRE3 phase [3]. Thus, these large acicular particles were likely 
the metastable AlnRE3 phase, which possibly began softening 
and degrading as a result of elevated temperature exposure. In 
addition, the metastable Mg17Al12 (ß)-phase was also observed at 
the grain boundaries and in the vicinity of the Al n RE 3 particles 
(medium gray in Figure 5a), possibly suggesting that exposure to 
the test conditions was sufficient to activate Al atom mobility. 

Consequently, the eutectic ß-phase formed with its relatively low 
melting temperature and contributed to grain boundary sliding and 
reduced the effectiveness of grain boundary pining by the Al-RE 
complex intermetallics during creep. The grain interior of the 
AE42 alloy contained extensive lens-shape twins, as illustrated in 
Figure 8. Twinning was not observed in any of the aluminum-free 
alloys. 

a) ΛΕ42 

b) E/.33 

c) ZE10 
Figure 5: Alloy micro structure in longitudinal direction 

Similar to AE42, the EZ33 alloy had intermetallics agglomerated 
in the intergranular regions as well. However, the intermetallics 
were significantly smaller in size and more uniformly distributed, 
as seen in Figure 6b and 9. The EZ33 alloy contained three 
dominant types of intermetallic compounds, as seen in Figure 9: 
"A" - large gray particles consisting of Mg-(13wt%Zn, 1 lwt%La, 
14wt%Ce, 2wt% Nd), "B" - fine white particles of Mg-
(13wt%Zn, 6wt%La, 13wt%Ce, 3wt%Nd,7wt% Zr), and "C" -
nanoscale dispersoids of Mg-(3wt%Zn, 0.9wt%Ce, 0.3wt%Nd). 
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As seen in Figure 9, the nanoscale particles were homogeneously 
dispersed throughout the microstructure in both directions. The 
precipitates "A" and "B" appeared to be present along most of 
visible grain boundaries in the longitudinal alloy samples. 

I lüiiic : \ l k l . pli;i-.<.· luclni im: 

a) ΛΚ42 M, 

fci ■ 
■s? ?#■ 
.■ - - * : _-:JSE-.-: 

.in i | 
■■TBF .- ' : "V . .■ ■■"!.■ 

KF- Miß* 
..-..«. ■.-. .°f »IP'"* 

Figure 8: Twinning in grain interioi ul AL 12 alloy 

b) 17.33 

c) ZE10 
Figure 6: Alloy micro structure in transverse direction 

In contrast, these particles were not homogeneously distributed in 
the transverse direction, and only fractions of grain boundaries 
contained these intermetallics. This observation possibly supports 
the high strain anisotropy recorded in the EZ33 alloy with the 
extensometer (Figure 2b). In the longitudinal direction, grain 
boundary sliding was inhibited by the pinning effect of the 
precipitates, as also confirmed by the ND results in Figure 4 
(elastic strain relaxation due to plastic deformation was more 
prominent in the transverse sample). In contrast, deformation in 
the transverse direction was relatively easier due to available grain 
boundaries where grain boundary pinning was not successfully 
achieved. 
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Figure 9: Microstructure of EZ33 alloy 
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The ZE10 alloy's micro structure appeared to be very 
homogeneous in both directions (L and T) as seen in Figure 5c 
and 6c. Complex intermetallic aggregates as seen in Figure 10 
were identified via SEM/XEDS: "A" - dark gray particles with 
Mg-(8wt%Zn, 8wt%Zr, 7wt%La, 1 lwt%Ce, 2wt%Nd), "B" - fine 
white particles with Mg-(3wt%Zn, 36wt%Zr, 3wt%La, 4wt%Ce 
and lwt%Nd) and "C" - nanoscale dispersiods with Mg-
(3wt%Zn, lwt%La, 2wt%Ce). The second phases appeared to be 
smaller and relatively uniformly distributed in both (L and T) 
directions. Consequently, the relatively uniform creep response 
(Figure 2b) in both directions was likely the result of 
homogeneous micro structure and dispersion strengthening by 
precipitates on the order of 0.5 - 2 μιη in diameter. Presence of 
these very fine dispersoids (as in the EZ33 alloy) would 
significantly inhibit plastic flow within the grains or any twining. 
Observation of grain interiors in the EZ33 and ZE10 alloys did 
not reveal presence of twins. 

;l i I "IIUIIU.I l lul ^ ν Ι Ι ' Ί Ι 

b) Transverse section 
Figure 10: Micro structure of ZE10 alloy 

Conclusions 

The findings of this research demonstrate that neutron diffraction 
successfully enabled quantitative characterization of anisotropic 
creep strain in selected high-temperature magnesium alloys. The 
results suggest that: 
1 ) The total compressive creep strain for the AE42 alloy was an 

order of magnitude greater than for EZ33 and ZE10 alloys 
tested at 175 °C and 50 MPa. 

2) The EZ33 alloy had a typical extrusion-type micro structure. 
Also, the microstrain response was highly anisotropic in the 
T- direction. 

3) The ZE10 alloy, although extruded, had a relatively 
homogeneous microstructure, with fine second phases. 
Further, this alloy had uniformly dispersed Mg-Zn-RE 
nanoscale particles, which likely prevented twinning and 
plastic deformation during creep. 
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