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Abstract: Lightweight constructions and materials offer the opportunity to reduce CO2 emissions
in the transport sector. As components in vehicles are often exposed to higher temperatures above
40% of the melting temperature, there is a risk of creep. The creep behavior usually is investigated
based on standard procedures. However, lightweight constructions frequently have dimensions
not adequately represented by standardized specimen geometries. Therefore, comparative creep
experiments on non-standardized miniature and standardized specimens are performed. Due to
a modified test procedure specified by a miniature creep device, only the very first primary creep
stage shows a minor influence, but subsequently, no effect on the creep process is detected. The creep
behavior of hot extruded and heat treated ME21 magnesium alloy is investigated. It is observed
that the creep parameters determined by the miniature and standard creep tests are different. As
the deviations are systematic, qualitatively, evidence of the creep behavior is achieved. The creep
parameters obtained, and particularly the creep strain and the strain rate, show a higher creep
resistance of the miniature specimen. An initial higher number of twinned grains and possible
multiaxiality in the gauge volume of the miniature specimen can be responsible.

Keywords: creep testing; ME21; magnesium alloy; size effects; miniature specimen

1. Introduction

Since the signing of the Kyoto Protocol and a steadily increasing understanding of
the effects of CO2 emissions on the earth’s climate, industry is interested in optimizing its
processes and designs regarding CO2 reduction. In the transport sector, in particular, the
goal is to lower the overall weight of vehicles, aircraft, and rail vehicles to decrease fuel
consumption and thus environmental pollution. In this context, the terms green technology
and life cycle costs focus on product development. Connecting factors are lightweight
constructions and materials as well as energy-saving manufacturing processes.

In the latter, characterizing the mechanical and thermo-mechanical properties of al-
loys is critical in developing novel non- or low-contaminant construction and production
technologies as well as during operation. Hence, the investigation of titanium [1,2], alu-
minum [3], and magnesium alloys [4] as lightweight materials under extreme conditions is
of particular interest. Mainly, it is essential to depict the responses of structural components
to external mechanical loadings [5,6]. Although the mechanical loads investigated in this
work are relatively moderate nevertheless, small dimensions additionally exposed to high
temperature can already be rated as highly loaded during service.

In lightweight constructions, modifications of the design by wall thickness reduction
are further solutions in this context. As these components are subjected to mechanical
loads at room temperature and higher temperatures, their creep resistance is of great im-
portance. Typically, creep experiments are performed on standardized samples according
to, e.g., DIN EN ISO 204 (European Standard) [7] or ASTM E139 (American Standard) [8].
However, complex or thin-walled lightweight component geometries partially do not
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allow standardized specimens to be taken. Consequently, there has been a high interest in
carrying out investigations on miniaturized specimen geometries. Furthermore, the smaller
dimensions of the specimens enable detailed investigations of representative material states
from components, whereby the miniature specimens can be taken in different orientations
from a small material volume [9–12]. The influence of the creep parameters by the specimen
sizes is provided, and the test method is known. However, the confidence of these results
compared to standard sample sizes is of great importance. Miniature specimens, or creep
specimens with non-standard geometry, have been used for some time to investigate steel’s
creep behavior in power plant construction, e.g., [13–18]. Pipelines and connectors are
components subjected to creep stresses, which cannot be investigated reproducibly with
the geometry of standard creep specimens.

However, especially in the transport sector, replacing construction materials such as
steel with lightweight materials effectively reduces weight [19,20]. In addition to aluminum
and titanium lightweight materials, the magnesium alloys show a high application poten-
tial for the mentioned requirements as they have the lowest density (1.74 g/cm−3) and
high specific strength and stiffness compared to all other metallic construction materials.
However, most magnesium alloy’s poor forming properties and creep resistance due to
their hexagonal closed packed (hcp) structure currently severely limit their industrial appli-
cation [19,21,22]. The magnesium wrought alloy ME21 containing rare earth (RE) element
cerium and the element manganese is characterized by good formability at higher tempera-
tures, corrosion, and creep resistance compared to other Mg alloys [19,23–31]. Ce is added
to increase the high-temperature strength and creep resistance due to its pronounced solid
solution hardening and low diffusion tendency [25]. Furthermore, the intermetallic phase
Mg12Ce formed at grain boundaries prevents grain boundary sliding. Its good formability
enables the production of thin sheets with a thickness of 1 mm. However, studies on the
creep behavior of the magnesium alloy ME21 are rare. The creep properties of the ME21
alloy are of interest providing a more cost-effective and resource-saving alternative to
the WE43 and WE54 alloys containing a higher amount of expensive rare earth elements
currently used for components subjected to creep [20,32]. The compositions of the alloys
ME21, WE43, and WE54 are given in Table 1 (c.f. Section 2.1).

Additionally, energy-saving manufacturing technologies are selected, enabling the
final product to be manufactured with as few manufacturing steps as possible. For this
purpose, the manufacturing process by hot extrusion for transport assemblies is established
and used for many years, e.g., [33–36]. The production of larger components up to thin
sheets of various materials is possible with this process.

As many assemblies in the transportation sector—including lightweight structures—
are manufactured nowadays by hot extrusion, in this work, comparative creep experiments
of the hot extruded magnesium alloy ME21 are carried out. Miniature and standard
specimen geometries are investigated, the creep behavior itself, as well as the influence
due to downsizing, are validated.

2. Materials and Methods
2.1. Material

The aluminum-free magnesium alloy ME21 is alloyed by 2 wt % Mn and 1 wt % Ce.
The chemical composition is given in Table 1.

Table 1. Chemical composition of ME21 [37], WE43 [38], WE54 [39].

Mn Ce Al Nd Pr Si Th Y Zn Mg

ME21 2.1 0.7 ≤0.01 ≤ 0.015 ≤0.01 ≤0.015 0.14 0.04 ≤0.015 bal.

Mn Li Ni Nd Zr Si Cu Y Zn Mg

WE43 ≤0.15 ≤0.2 ≤0.005 2.4–4.4 0.4–1.0 ≤0.01 ≤0.03 3.7–4.3 ≤0.2 bal.
WE54 ≤0.15 ≤0.2 ≤0.005 2.0–4.0 0.4–1.0 ≤0.01 ≤0.03 4.75–5.5 ≤0.2 bal.
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The hot extruded cylindrical bars made of ME21 manufactured by an 8 MN horizontal
extrusion plant (SMS group GmbH, Düsseldorf, Germany) and provided by the Extrusion
Research and Development Center of the Technische Universität Berlin (FZS). The detailed
function of the plant and the extrusion process are described in [40,41]. Parameters of hot
extrusion process such as the initial geometry of the billet, the temperatures of the billet ϑb,
container ϑa and tool ϑw, the extrusion ratio V, and product speed vp are shown in Table 2.

Table 2. Parameters of the hot extrusion process.

Technique Billet
Geometry ϑa, ϑb, ϑw V vp Cooling

indirect ∅ = 123 mm
l = 150 mm 450 ◦C 71 1.7 m min−1 air

After the hot extrusion process, the extruded product in the as extruded condition (as
ex) shows a fine-grained microstructure inappropriate for creep resistance. According to
Brömmelhoff et al. [42], subsequent heat treatment at T = 550 ◦C for 24 hours followed
by quenching in water leads to fine-dispersed Mn, bigger Mg12Ce-precipitates, a coarse-
grained and homogeneous microstructure. Optical microscopy (OM) analyses illustrate
the microstructure (Figure 1). The grain size varies between 10 and 70 µm by an average of
38 µm, and an aspect ratio of 1 is measured. The visible Mg12Ce-precipitates marked by a
white arrow are homogeneously distributed throughout the microstructure (Figure 1a,c)
and are mainly found at the grain boundaries (Figure 1b). Small Mn-precipitates are
fine-dispersed in the matrix (Figure 1b, light grey arrows).

Crystals 2021, 11, x FOR PEER REVIEW 3 of 21 
 

 

WE54 ≤ 0.15 ≤ 0.2 ≤ 0.005 2.0–4.0 0.4–1.0 ≤ 0.01 ≤ 0.03 4.75–5.5 ≤ 0.2 bal. 
The hot extruded cylindrical bars made of ME21 manufactured by an 8 MN horizon-

tal extrusion plant (SMS group GmbH, Düsseldorf, Germany) and provided by the Extru-
sion Research and Development Center of the Technische Universität Berlin (FZS). The 
detailed function of the plant and the extrusion process are described in [40,41]. Parame-
ters of hot extrusion process such as the initial geometry of the billet, the temperatures of 
the billet 𝝑𝒃, container 𝝑𝒂 and tool 𝝑𝒘, the extrusion ratio 𝑽, and product speed 𝒗𝒑 are 
shown in Table 2. 

Table 2. Parameters of the hot extrusion process. 

Technique Billet Geometry 𝝑𝒂, 𝝑𝒃, 𝝑𝒘 𝑽 𝒗𝒑 Cooling 

indirect ∅ = 123 mm 𝒍 = 150 mm 450 °C 71 1.7 m min−1 air 

After the hot extrusion process, the extruded product in the as extruded condition 
(as ex) shows a fine-grained microstructure inappropriate for creep resistance. According 
to Brömmelhoff et al. [42], subsequent heat treatment at 𝑻 = 550 °C for 24 hours followed 
by quenching in water leads to fine-dispersed Mn, bigger Mg12Ce-precipitates, a coarse-
grained and homogeneous microstructure. Optical microscopy (OM) analyses illustrate 
the microstructure (Figure 1). The grain size varies between 10 and 70 µm by an average 
of 38 µm, and an aspect ratio of 1 is measured. The visible Mg12Ce- precipitates marked 
by a white arrow are homogeneously distributed throughout the microstructure (Figure 
1a,c) and are mainly found at the grain boundaries (Figure 1b). Small Mn-precipitates are 
fine-dispersed in the matrix (Figure 1b, light grey arrows). 

 
Figure 1. Microstructure of the heat treated ME21 material; (a,b) longitudinal section (=ED), (a) 50×, 
(b) 500×; (c) cross section, 200×. 

2.2. Microscopy 
The microstructure of the hot extruded and heat-treated initial material and of the 

miniaturized and standardized samples after the creep experiments is investigated by an 
optical microscope UnivaR Met (Reichert-Jung Optische Werke AG, Austria) equipped 
with a digital camera system Leica DFC 295 (Leica Microsystems GmbH, Germany) and 
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a Noran detector (Thermo Fisher Scientific Inc., Germany) for EDS measurements. From 
the initial material sections in the extrusion direction (ED) and perpendicular to ED, the 
transverse direction (TD), are taken using a cutting-off machine WOCO 50 (Conrad, Ger-
many). The creep-stressed specimens are investigated in ED only. 

For metallographic preparation, the specimens are embedded in the two-component 
epoxy resin Technovit 4071 (Kulzer GmbH, Germany). First, the specimens are manually 

Figure 1. Microstructure of the heat treated ME21 material; (a,b) longitudinal section (=ED), (a) 50×, (b) 500×; (c) cross
section, 200×.

2.2. Microscopy

The microstructure of the hot extruded and heat-treated initial material and of the
miniaturized and standardized samples after the creep experiments is investigated by an
optical microscope UnivaR Met (Reichert-Jung Optische Werke AG, Austria) equipped
with a digital camera system Leica DFC 295 (Leica Microsystems GmbH, Germany) and
by a scanning electron microscope JEOL JSM 640 (JEOL GmbH, Germany) equipped
with a Noran detector (Thermo Fisher Scientific Inc., Germany) for EDS measurements.
From the initial material sections in the extrusion direction (ED) and perpendicular to ED,
the transverse direction (TD), are taken using a cutting-off machine WOCO 50 (Conrad,
Germany). The creep-stressed specimens are investigated in ED only.

For metallographic preparation, the specimens are embedded in the two-component
epoxy resin Technovit 4071 (Kulzer GmbH, Germany). First, the specimens are manually
ground on a polishing and grinding machine, TegraPol-25 (Struers GmbH, Germany),
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followed by manual polishing of the specimens with diamond suspensions (6 to 1 µm).
Subsequently, the samples were additionally chemically polished by immersing them in a
CP2 solution for 2 s to remove near-surface deformation layers resulting from polishing
and reopen pores closed by the preparation. The CP2 solution is made from 100 ml ethanol,
12 ml hydrochloric acid (25 percentage), and 8 ml nitric acid. For the OM examination of
the microstructure, the sample surfaces are finally etched with a solution of 100 ml ethanol,
20 ml water, 6 ml glacial acetic acid, and 5 g picric acid for 3 s.

2.3. Creep Experiments

This work aims the investigation of the creep behavior of miniature specimens in
comparison to specimens with standardized geometries—further referred to as standard
specimens—according to DIN EN ISO 204 [7]. The dimensions of both creep specimens are
shown in Figure 2.
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Two different creep devices were used for these studies. The creep tests using standard
specimens are performed on a commercial creep testing machine DSM 6102 equipped with
a three-stage vertical electric furnace type EO 4090 (Roell Amsler Prüfmaschinen GmbH
& Co. KG, Germany), enabling temperatures up to 1100 ◦C. The force is applied via an
electric motor, whereby the maximum test load of the system is 50 kN. The elongation of the
sample is determined by an extensometer mechanically adapted directly to the specimen.
This ensures only the change in length ∆l of the specimen’s gauge length lg is determined.
The creep experiments using miniature specimens are carried out applying a miniature
creep device developed by TU Berlin for in situ synchrotron µ-tomography measurements
(XCT) at the European Synchrotron Radiation Facility (ESRF) described in detail in [43–46].
In these works and furthermore, in [47–49], the applicability of this miniature creep device
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was shown. It should be mentioned here once again that the experimental procedure of
creep experiments conducted by the miniature creep device (cf. [46]) is different from the
procedure given by DIN EN ISO 204. Regarding the requirements of in situ XCT investi-
gations at the beamlines of the ESRF, the following aspects are part of the experimental
design of the miniature creep device:

• The mechanical load to the sample is applied before heating.
• The ratio of the initial gauge diameter d0 = 1 mm and the initial gauge length

l0 = 1 mm of the sample is d0/l0 = 1 (Figure 2a).
• The elongation of the whole sample is measured during creep. As shown in [46],

compared to the much larger diameter of the clamping, significant strain changes occur
only in the small diameter of the gauge volume as soon as the thermal equilibrium
is reached.

Comparative preliminary tests on standard samples (Figure 2b) in the DSM 6102 test
rig are conducted to investigate the influence of the varied sequence of mechanical and
thermal loading on the creep behavior. An uniaxial tensile mechanical load of σ = 20 MPa
is applied in all preliminary creep tests. The two different test procedures are described
as follows:

• In agreement with the standard creep test procedure specified by [7], the mechanical
load is applied after the sample is heated up to the test temperature (sequence: heating
→mechanical loading).

• In agreement with the creep test procedure specified by the miniature creep device,
the mechanical load is applied at room temperature, and subsequent, the specimen is
heated to the test temperature (sequence: mechanical loading→ heating).

The analyses of the creep curves measured for both test procedures provide informa-
tion about the applicability of the different sequences.

Another focus in this work is on comparative investigations of the creep behavior
of standard and miniature creep specimens performed according to the test procedure
given by the miniature creep device. The miniature specimens are tested in the miniature
creep device, and the standard specimens are tested in the DSM 6102 test rig. All creep
tests are carried out at a test temperature Tcr = 523 K due to the highest temperature
expected in automobiles. Taking the melting temperature of magnesium Tm = 923 K into
account, hence, a homologous temperature Thomolog = Tcr/Tm = 0.58 results. Mechanical
loads σ = 10, 15, 20, 25, and 30 MPa are selected. Due to the work of Stinton et al., phase
stability can be expected [50]. For each mechanical load, two experiments are performed
with the miniature specimens and one experiment with the standard specimens. Due to
measured high strains at fracture (εfr > 0.1), the true creep curve εtrue = f(t) and true
strain rate curve

.
εtrue = f(t) are calculated from the elongation of the sample ∆l measured

by extensometer in reference to the initial gauge length l0 [51]:

εtrue = ln
(

1 +
∆l
lg

)
(1)

.
εtrue =

εtrue

dt
(2)

3. Results
3.1. Creep Tests
3.1.1. Preliminary Creep Tests

The comparison of the creep curves εtrue = f(t) calculated from Equation (1) and strain
rate curves

.
εtrue = f(t) (Equation (2)) obtained in the preliminary creep tests are shown in

Figure 3. It should be noted that the true strain is a dimensionless quantity. Overall, both
creep curves basically show similar behavior. However, the strain develops differently
within approximately first two hours of the creep experiments. While the creep curve of the
experiment due to the standard sequence (heating→mechanical load) exhibits a typical
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behavior, the behavior of the varied creep test sequence (mechanical load→ heating) is
unusual in the early primary creep stage. After a minor positive initial strain, a negative
strain seems to occur here, subsequently increasing again. During heating from room
to test temperature under mechanical load competitive processes, time-independent and
time-dependent plastic deformation occurs. The mechanisms behind, are not investigated
in this work. Afterward, at the latest in the transition from the primary to the secondary
stage, the creep curves of both test procedures more or less run parallel to each other.
Finally, the creep time until fracture tfr and the creep strain at fracture εfr are different
(Figure 3a). The strain rate curves illustrate the different behavior in the early primary
creep stage (Figure 3b). Apparently, even negative strain rates occur right at the beginning
for the miniature specimen. After approximately 4 hours, the curves of both test procedures
fit together, while the minimum creep rates

.
εmin are quite similar. The difference of the

two measured values for the minimum creep rate is less than 4%, which is within typical
experimental error limits. The changed sequence of the test procedure has no significant
influence on the minimum creep rate determined for the given test parameters.
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The obtained creep parameters of the preliminary experiments are shown in Table 3.
Based on the procedure described in [46], the error limits are estimated at about approxi-
mately 45%.

Table 3. Creep parameters of preliminary creep tests.

Test Procedure
.
εmin
(s−1)

εfr
(−)

tfr
(h)

Standard
(Heating→mechanical loading) 7.46 × 10−6 ± 3.36 × 10−7 0.395 ± 0.178 13.5 ± 6.075

Variation due to miniature device
(Mechanical loading→ heating) 7.18 × 10−6 ± 3.23 × 10−7 0.537 ± 0.242 14.9 ± 6.705

In comparison from Table 3, it can be derived a slightly faster minimum creep strain
rate

.
εmin leads to a shorter time to fracture tfr as well as a smaller creep strain at fracture

εfr, whereas the slower minimum creep rate
.
εmin in contrast lead to a while longer creep

lifetime tfr and higher creep strain at fracture εfr. Regarding the effect of a faster
.
εmin

on εfr, this finding is not compliant to the literature, e.g., [51–53]: based on experience, a
higher

.
εmin should lead to higher εfr. However, the minimum creep rate of the standard

test procedure is reached at a later point in time compared to the varied test procedure
due to miniature creep device. Regarding to a lower εfr this in turn is in accordance with
the literature. It is known, the exact time to fracture tfr and elongation at creep rupture
εfr is strongly dependent on the local defect characteristics of the material, e.g., pores or
cracks [53]. As these tests are performed only once without repetitions and the results
agree pretty well, thus, a negligible influence of the test procedure on εfr and tfr is assumed
here. The varied creep test procedure of the miniature creep device is found to be suitable
to standard specimen investigated in the DSM 6102 test rig.

3.1.2. Comparative Creep Tests

Comparative creep measurements (miniature and standard) are conducted applying
the varied creep test procedure (mechanical load→ heating). Due to the high values of the
miniature specimens, the initial instantaneous strain in the very early primary creep stage
is subtracted, so only the time-dependent true creep strain is plotted. Both the miniature
creep specimens and the standard creep specimens show typical creep behavior, with a
primary, secondary, and tertiary creep stage of the true creep curves εtrue = f(t) (Figure 4).
At σ = 10 MPa the creep experiments with miniature specimen are prematurely stopped
at tcr = 255 and 995 h due to expected very long tfr (Figure 4a). Although the creep
curves and consequently the respective creep parameters of the miniature specimens at
σ = 25 MPa are very different the average values are calculated.

In general, with increasing stress on the specimens, an increasing slope of the sec-
ondary creep stage and a decreasing total creep time can be observed. Furthermore, for the
same test parameters, longer times to fracture tfr and a lower creep rate

.
εmin of the minia-

ture specimens compared to the standard specimens are determined. The creep parameters
derived from the creep curves are shown in Table 4. The ductility of the material expressed
by the necking at fracture Z is determined by:

Z =
A0 − (π·r1·r2)

A0
·100% (3)

where A0 is the initial cross-section area and r1, r2 are the semi-axes of elliptical fracture sur-
faces. The average value of the necking at fracture of the standard specimens Zstand = 51%
is twice that of the miniature specimens Zmini = 25%. The error limits of the standard
specimens are estimated by ± 45% based on the procedure described in [46], whereas
the error limits of the miniature specimens are calculated from the results of repeated
creep experiments.
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3.2. Microscopy

OM of the standard and miniature specimen in the hot extruded and heat-treated
condition after manufacturing is conducted in the region of the gauge length near the
surface. Figure 5 shows the longitudinal sections of standard and miniature specimens not
subjected to creep loading. Hence, the influence of the manufacturing process is shown.
The region near the surface of the specimens manufactured by turning exhibits twinning
due to deformation. As shown in Figure 5a, twinning of grains from the surface to a depth
of 100 µm is detectable in the standard samples with a diameter of 6 mm. The grains of
the miniature samples, on the other hand, are found to be twinned over the entire gauge
volume diameter of 1 mm. The twinning density gradually decreases from the surface to the
center of the sample (Figure 5b). Moreover, a lower twinning density is observed outside
the gauge volume (Figure 5c). It should be noted that a strong scatter is observed within a
miniature specimen batch regarding the degree of twinning. Some samples indicate a low
twinning density, whereas other samples indicate a high twinning density.
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Table 4. Creep parameters of all investigated samples.

Standard

σ
(MPa)

.
εmin
(s−1)

εfr
(−)

tfr
(h)

Z
(%)

10 1.89·10−7 ± 8.505·10−8 0.507 ± 0.228 464.16 ± 208.87 54 ± 2
15 1.41·10-6 ± 6.345·10−7 0.378 ± 0.17 50.03 ± 22.51 50 ± 1
20 5.99·10−6 ± 2.7·10−6 0.535 ± 0.241 15.14 ± 6.81 50 ± 2
25 1.49·10−5 ± 6.705·10−6 0.411 ± 0.185 5.47 ± 2.46 -
30 5.90·10−5 ± 2.655·10−5 0.507 ± 0.228 2.31 ± 1.04 51 ± 2

Miniature

σ
(MPa)

.
εmin
(s−1)

εfr
(−)

tfr
(h)

Z
(%)

10 5.59·10−8 ± 1.3·10−8 - - -
15 5.09·10−7 ± 9.0·10−9 0.487 ± 0.048 94.17 ± 7.35 27 ± 3
20 1.47·10−6 ± 6.0·10−8 0.558 ± 0.29 41.84 ± 29.47 26 ± 4
25 4.56·10−6 ± 3.4·10−7 0.457 ± 0.177 12.16 ± 5.77 -
30 1.09·10−5 ± 8.5·10−7 0.472 ± 0.019 5.86 ± 0.50 26 ± 5
35 3.49·10−5 ± 1.57·10−5 0.402 ± 0.181 1.38 ± 0.80 4 ± 0.5
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Figure 5. OM of the microstructure, longitudinal section, near-surface region, (a) standard specimen,
(b) miniature specimen in the gauge length, (c) miniature specimen beyond the gauge length.

The microstructure of the standard and miniature samples after the creep experiments
are also investigated. The observations described below occur in both the standard and the
miniature specimens, although with different dimensions. First, the focus is on changes
of the grain morphology: increasing mechanical stress is observed to be accompanied by
increasing elongation of the grains. Starting from nearly globular grains (ratio = 1.0) at
σ = 10 MPa, several of which at this load have twins, the aspect ratio is developing to
1.5 (σ = 15 MPa), 1.8 (σ = 20 MPa) to a maximum of 1.9 (σ = 30 MPa) illustrated
exemplary on the standard specimen (Figure 6). The values of the aspect ratios are shown
in Table 5.
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Table 5. Aspect ratios of elongated grains.

10 MPa 15 MPa 20 MPa 25 MPa 30 MPa

Standard 1 1.5 1.8 1.8 1.9
Miniature 1 1.1 1.2 1.3 1.4

In addition, denuded zones—known from creep experiments on, for example, Zr
containing Mg-alloys, e.g., [54–57]—are detected at the grain boundaries oriented perpen-
dicular to the loading direction, the size of which is dependent on load and thus from the
creep time. As higher the load, as smaller the denuded zones. While in the standard speci-
mens at σ = 10 MPa, the width of the denuded zones wdZ, 10MPA is approx. 8 to 10 µm
(Figure 6a), at σ = 20 MPa the width wdZ, 20MPA is approximately 1 to 2 µm (Figure 6c),
whereas at σ = 30 MPa denuded zones are not observed (Figure 6d). In the miniature
specimens denuded zones at σ = 10 MPa the width of the wdZ, 10MPA is approximately
6 µm. Here, the zones are detectable up to σ = 20 MPa.

Further investigations on the denuded zones are carried out by SE imaging and EDS
measurements analyzing the structure and chemical composition. Due to large, denuded
zones, the measurements were performed on a standard specimen loaded at σ = 10 MPa.
Different grey values in the SE image already indicate an inhomogeneous distribution of the
elements (Figure 7a). A pile-up of Mn-particles at grain boundaries parallel to the loading
axis is detected (red arrow). An EDS mapping illustrates a depletion of the alloying element
manganese in the denuded zone (Figure 7b) qualitatively. Quantitatively EDS single point
measurements verify that the Mn concentration in the denuded zone is about 0.1 at%, whereas
in the grains 0.8 at% to 0.9 at% are measured. Therefore, EDS line scans parallel to loading
direction are conducted, showing in the adjacent grains (left and right) to the denuded zones
that the Mn concentration and distribution are different. According to the line scan shown in
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Figure 7c in the grain on the left from point (1), the Mn concentration is constant at an average
of approx. 0.8 at%. Between the points (1) and (2)—the denuded zone—the Mn concentration
drops to zero. To the right of point (2), there is a continuous increase in the Mn concentration,
which initially fluctuates around an average of 2.5 at%, abruptly dropping back to the already
known approx. 0.8 at%. The area around point (3) is enriched by Mn-precipitates marked
with arrows in the SE image (Figure 7c, left side), explaining the concentration fluctuations
around a mean value. The different Mn concentrations in the respective areas are assumed to
be due to a directional diffusion of Mn.
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Additionally to the grain morphology and the denuded zones, the creep voids are
characterized by shape and distribution. It has to be noticed, detailed analysis of the
porosity fraction is not the subject of this work. The creep voids form preferentially at grain
boundaries oriented perpendicular to the loading direction (Figure 6). Figure 8a–c show
the longitudinal sections of a standard creep specimen at σ = 20 MPa. Next to the fracture
surface a higher porosity is observed (Figure 8a). As already visually is apparent, with
increasing distance from the fracture surface, a gradual decrease in void number and size
occurs (Figure 8a–c). This behavior is detected in all measured specimens and thus appears
to be independent of load. The shape of individual voids is predominantly elliptical, with
the longitudinal axis oriented perpendicular to the loading direction. The same behavior is
observed in the miniature creep samples, too (Figure 8d).
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Figure 8. Creep damage, 20 MPa, longitudinal section; (a–c) standard specimen, (a) near frac-
ture surface, (b) 5 mm distance to fracture surface, (c) 10 mm distance to fracture surface;
(d) miniature specimen.

4. Discussion
4.1. Validation of Creep Experiments

As only a few experiments, the creep test using standard geometries merely once
and with miniature specimens only one repetition test each, are performed the plausibil-
ity of the individual creep experiments is verified using the modified Monkman–Grant
relationship [58]:

tfr =
C′·εfr

.
ε

m′
min

(4)

The ratio εfr/tfr is plotted against
.
εmin in double logarithmic scale (Figure 9). Here,

according to [58] the exponent m′ is proven and found to be 1. The error limits of the
standard specimen tests are estimated from the error limits calculated by the test repetitions
of the miniature creep experiments.
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For both the standard and the miniature creep tests, a linear relationship can be
determined for the individual measuring points using a regression coefficient R2. The
coefficients R2 = 0.995 for the standard specimens and R2 = 0.998 for the miniature
specimens are observed. Thus, the validity of the individual tests is demonstrated, although,
for the standard experiments, no repetitions are carried out. This is particularly relevant for
validating the result of the creep test with standard geometry at σ = 30 MPa, marked by
an arrow in Figure 9. As the value of

.
εmin = 5.9 × 10−5 s−1 is slightly above the theoretical

limit of creep tests of
.
εmin = 5.0 × 10−5 s−1, according to Maier identifying the transition

to the power-law-breakdown [53]. However, due to the sufficiently accurate position on
the regression line, the test can be used to characterize the creep behavior and determine
the Norton stress exponent (cf. Section 4.3).

4.2. Test Procedure

As the sequence of the creep test procedure of the miniature creep device due to its
design is not variable, the applicability to the standard specimen in a commercial test rig
is validated. The force application is different in both test rigs, in the miniature device
by spring and in the DSM 6102 test rig by an electric motor. The latter ensures constant
force application to the specimen throughout the test. However, in the miniature creep
device, the spring expands according to the elongation of the specimen. As a result, the
loading force decreases proportionally to the specimen strain, while at the same time,
the cross-section of the specimen is reduced. For low creep strains ε < 0.4, a change in
mechanical loading of 5% is calculated. Consequently, the expansion of the spring can be
neglected so that the assumption of force constancy can be justified (cf. [46]).

The change in the sequence of mechanical and thermal load application compared
to the standard test procedure compliant to DIN EN ISO 204 in the varied test procedure
according to the miniature device in the primary stage of the creep curve an untypical
behavior occurs (cf. Figure 3). Plotting the curves of the creep strain and the creep rate
in comparison to the specimen temperature, the atypical behavior in the primary creep
stage is illustrated (Figure 10). It is found that the behavior of the strain and strain rate
curve within the first quarter of an hour in all tested specimens independent from the
mechanical load is the same. However, the characteristic of the curves depends on the
amount of the mechanical load. It is assumed that in the very early primary creep stage,
the strain and strain rate is essentially determined by the heating-up process than by
time-dependent plastic deformation as described by Weertman [59,60], Cottrell [61], and
the literature [53,62]. The investigation of the detailed microstructural processes at this
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stage is not the subject of this work. At the latest, when the test temperature and thermal
equilibrium are reached, the strain and strain rate curves follow the typical creep curve
shapes (cf. Figure 3), which is in good agreement with [10,12,46]. From this, it can be
concluded, in the varied creep test procedure already in the later primary creep stage, the
known hardening and softening mechanisms of the creep process correspond to those in
the standard test procedure according to DIN EN ISO 204.
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4.3. Creep Behavior

The creep parameters (cf. Table 4) of the miniature and standard geometry experiments
taken from the true strain and true strain rate curves show differences: for the miniature
specimens εfr and

.
εmin are shifted to lower values, tfr is higher by a factor of about 2 to

2.5, the proportion of the secondary creep stage of the total creep curve is percentual
higher, and Z only half compared to the creep experiments with the standard specimen
(Figure 11). Analyzing the creep parameters in detail, the true strain at fracture εfr for the
standard specimens indicate no dependency from the mechanical stress. In contrast εfr of
the miniature specimen within the error limits decreases with increasing stress (Figure 11a).
The latter behavior is also known from the literature [52,53,62]. However, due to the small
number of experiments—the standard experiments are carried out once, and the miniature
experiments twice for each stress loading—the error limits are taken as an average from all
miniature creep experiments are high. However, as it can be derived from Figure 4d in a
single case, the difference can be much higher. As repeating measurements of standard
specimens are missing here, qualitatively, the tendency to lower values of εfr as a function
of σ for the miniature compared to the standard specimens can be determined, but a
quantification is not possible. Furthermore, lower strain rate values

.
εmin for the miniature

compared to the standard specimens are obtained. From the minimum strain rate values the
Norton-exponent is determined verifying the creep mechanisms taking place (Figure 11b).
A parallel shift of the Norton line to lower creep rates for the miniature specimens occurs.
However, within the error limits, the value of the Norton-exponent is the same for both
the miniature creep experiments nmini =4.9 ± 0.2 and the standard creep experiments
nstandard =5.1 ± 0.2. Hence, a value of the Norton-exponents of approximately 5 indicates
the creep mechanism of dislocation creep for both specimen geometries. The creep diagram
in the double-logarithmic scale reveals a linear relationship of σ and tfr holding the same
power (−0.21) independent from the specimen geometry (Figure 11c). A parallel shift of
the correlation line to higher values of the miniature specimens is observed here.
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strength to higher values and lower Z indicate a higher creep resistance of the minia-
ture specimens than standard specimens. The mechanisms behind, are discussed in the
following section.

4.4. Creep Mechanisms

As shown in Section 4.3, the creep parameters determined by miniature experiments
are not arbitrarily different from the determined creep parameters of the standard spec-
imens but have systematic differences. This is taken from parallel shifts of the Norton
line to lower creep rates and the creep rupture strength to higher values for the miniature
specimens. While in the work of Kurumlu et al. [10,11] and Mälzer et al. [12], no size depen-
dence of creep parameter of miniature and standard specimens is found, on the other hand
nevertheless this is described by Olbricht et al. [9], Krompholz et al. [63], Schmieder [64],
Camin [46], and Dymácek et al. [65]. Altogether, the results are inconsistent. In [46],
the same miniature creep device as in this work was used. Consequently, the specimen
dimensions and test procedure are the same; however, the heating in [46] was faster. As
well as here, in [46], systematic deviation of the miniature creep experiments compared
to standard experiments is determined from the values from the literature [66]. Never-
theless, different from here, the minimum creep rates of the miniature experiments show
higher values. In [46], the creep behavior of metal matrix composites (MMC) materials
was investigated in situ during creep by µ-tomography at the ESRF. An influence of the
material can be excluded since [10,11] investigated the same class of material, obtaining
contrary results. However, certainly miniaturized flat tensile specimens exhibiting a ratio of
l0/d0 ≈ 6 were used by [10,11], whereas [46] used miniaturized cylindrical specimens with
a ratio of l0/d0 = 1. Cao et al. compared flat and mild notched cylindrical specimens under
uniaxial load [67]. The notched cylindrical specimens with dimensions very similar to the
specimens used in this work and [46] exhibited less strain than the flat samples [67], as
observed here also. Cao et al. attributed this behavior to multiaxial stress states occurring
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in the notch. A multiaxial stress state in the miniature specimens used here may be one
explanation for the higher creep resistance measured here. Furthermore, based on FEM
results, Cao et al. concluded that unavoidable inaccuracies in manufacturing the miniature
round notch specimens could be tolerated because only a minor influence (≈5%) on the
stress parameters characterizing the multiaxial stress states was found. This may apply to
manufacturing tolerances, but not to changes in microstructure due to manufacturing, e.g.,
twins, as detected in this work and discussed below. Twinned grains and dislocations in-
duced by cold working during manufacturing are beneficial for creep resistance interfering
with dislocation movement.

The microstructural aspect has already been studied in other works. In ASTM E139 [8],
it is assumed that specimen size effects expected to specimen miniaturization can be
explained by the small number of grains in the specimen volume resulting in a higher
impact of each individual grain orientation. This was investigated by Krompholz et al.
using cylindrical specimens of different sizes. The creep parameters achieved, additionally
to size effects, show unsystematic dependencies due to the test temperature and stress [63].
Krompholz et al. suggest that the diffusion processes, decisive for creep, are higher
weighting in miniaturized specimens than in standard specimens, leading to differences in
the creep parameters. Olbricht et al. in [9] criticized the latter interpretation of Krompholz
et al. As it is elusive which diffusion process could be responsible for this.

Consequently, by combining the results from [9–11,46,63,67] and this work as interim
results, it can be noted that not only the geometry of the miniature samples influences the
systematic shift of the creep parameters measured here. As the effect of faster heating was
not investigated in this work, the possible effect cannot be evaluated. Thus, comparative
miniature creep experiments to standard geometries allow a qualitative characterization of
the creep behavior due to the systematic deviations. In contrast, a direct comparison of
quantitative parameters is not possible without knowledge and explanation of the reasons
for the systematic deviation.

Hence, within this work’s scope, comparative microstructural investigations of non-
creep-stressed and creep-stressed miniature and standard specimens are carried out. After
sample manufacturing, a significantly higher number of twins are detected in the miniature
creep specimens (Ø 1 mm) than in the specimens with standard geometry (Ø 6 mm) due
to higher stress by the centering mandrel and the machining, since the forces affecting
a smaller cross-sectional area (cf. Figure 5). The observation of an increased number of
twinned grains in the miniature specimens is therefore relevant, because in the work of
Randle [68] and Alexandreanu et al. [69] in the context of “grain-boundary-engineering”
an indirect influence of twins on material properties such as corrosion, ductility and creep
strength are assumed. While Randle mentioned an influence by Σ3 oriented Coincidence
Site Lattice (CSL) grain boundaries (twins) on creep properties in cubic materials, the
studies of Alexandreanu et al. validating the Thaveeprungsriporn model [70] indicate
that a reduced creep rate can be observed at increased Coincidence Site Lattice Boundary
(CSLB) fractions in cubic crystal systems. These findings support the results of this work.

Furthermore, the microstructural investigations reveal a systematically increased
necking at fracture Z by a factor of 2 for the creep-stressed standard compared to miniature
specimens. The fracture necking attributed to the ductility of the material is strongly
dependent on creep damage. Elliptical pores are formed at grain boundaries oriented
perpendicular to the loading axis (cf. Figures 6 and 8). According to Cocks and Ashby [71],
this is evidence of void growth by surface diffusion. As these voids act as small cracks, the
damage in the miniature specimens due to their small size must be weighted more than in
the standard specimen. This can explain the low fracture necking.

The stress-dependent Norton-exponent n = 5 indicating plastic deformation is typ-
ically associated with dislocation creep (cf. Section 4.3). Additionally, grain elongation
oriented parallel to the load can be seen in the optical micrographs. This grain elongation
can be explained by both plastic deformations due to dislocation movements and diffusion
processes. According to Rösler et al. [52] and Kassner [72], increased concentration of
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vacancies can be expected at grain boundaries oriented perpendicular to the load. As a
result, a mass flow occurs in the direction of the tensile load, causing a grain shape change,
which is also detected here.

Furthermore, at lower loads σ ≤ 20 MPa, denuded zones at grain boundaries oriented
perpendicular to the load are observed (cf. Figure 7). In the past, many creep experiments
on Mg-alloys containing the alloying element Zr were carried out investigating this phe-
nomenon. However, the mechanisms behind are discussed widely and differently, e.g.,
in [54–57,73–75]. Squires et al. [54] observed a similar characteristic of zircon (Zr) depleted
regions in Mg-0.5 wt % Zr alloys as detected here (cf. Figure 7). The authors attributed
this to preferential magnesium bulk diffusion in the load direction. Studies by Burton and
Reynolds [76], as well as Greenwood [74], Owen et al. [77], and Langdon [73] indicate that
alloy element denuded zones are indicative for diffusion creep. Langdon describes the
accompanied pile-up of particles at grain boundaries (cf. Figure 7a) and elongation of the
grains (Figure 6) parallel to the loading axis, both observed here also, as attributed to diffu-
sional creep. However, a Norton-exponent n = 1 related to diffusional creep is specified
in [73], different from n = 5 related to dislocation creep found in this work. In [76] it is
further discussed that grain boundaries are often not centrally located in the denuded zone,
which would be expected assuming an equal flow of material from both adjacent grains
toward the grain boundary. Burton and Reynolds attribute this to increased mobility of
grain boundaries in diffusion zones responding to minor external disturbance by moving to
the end of the denuded zone. Wolfenstine et al., however, refuted the relationship between
denuded zones and diffusional creep [56]. Kloc, in turn, refers to the work of Wolfenstine
et al., and in contradiction to this, it is argued that a unilateral occurrence of a denuded
zone is entirely compatible with the theory of diffusion creep. However, it is justified to the
asymmetry of the random grain boundaries [75]. Wadsworth et al. proposed a model for
the formation of denuded zones and illustrated schematically the mechanisms behind. The
mechanism postulated is grain boundary sliding rate-controlled by dislocation climb [57].
From their point of view, a simultaneous action of grain boundary sliding, and grain
boundary migration are responsible for dissolving small particles, dragging of undissolved
particles growing bigger as small particles dissolve, and diffusion of solute atoms. The
SEM and EDS investigations presented in Figure 7 are supported by the proposed model
of Wadsworth et al.: Due to uniaxial mechanical loading denuded zones are observed only
at boundaries transverse to the tensile direction (Figure 12a, yellow arrow). The grain
boundary is located between the denuded zone and a Mn-containing precipitate zone.
The denuded zone introducing a fresh amorphous-like region is depleted of the alloying
element Mn (Figure 12b,c, between red arrows). Undissolved Mn-precipitates are dragged
by the migrating boundary (Figure 12b,c, yellow arrow and dashed line). Some larger
particles brake away from the migrating boundary remaining in the denuded zone (Figure
12b,c, magenta arrow). Furthermore, on lateral grain boundaries precipitates occur due to
diffusion of solute atoms, mentioned by [73] also (Figure 12b,c, green arrows).

The results of the microstructural investigations thus indicate that the plastic defor-
mation of the coarse-grained ME21 creep specimens at σ up to maximum 20 MPa can
be explained by dominating dislocation creep accompanied by a minor process of grain
boundary sliding and migrating, whereas, at σ > 20 MPa, the plastic deformation is due to
dislocation creep only.

Apart from a different number of twinned grains and different levels of fracture
necking, on the observed scale, no microstructural differences can be found in the miniature
and standard specimens. Consequently, in this work, the microstructural creep mechanisms
activated in the material are independent of the specimen size. However, a decreased creep
rate and increased creep rupture time indicate different kinetics of the mechanisms, which
are not investigated in this work.
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5. Conclusion

Comparative uniaxial creep measurements on miniature and standard specimens
of different geometries on hot extruded and heat treated ME21 magnesium alloy are
performed according to the test procedure of a miniature creep device initially developed
for in situ XCT experiments. The sequence of loading of the test procedure (mechanical
load→ heating) different from the standard creep test (heating→mechanical loading) lead
to a different creep behavior in the very early primary creep stage. However, the higher
initial creep strain of the miniature samples is associated with the miniature creep device
and does not affect the entire creep behavior. Overall, in all experiments—miniature and
standard—a typical primary, secondary, and tertiary creep behavior are observed. Hence,
the applicated test procedure provides reliable results.

The main creep mechanism is identified as dislocation creep, at lower stresses accom-
panied by grain boundary sliding and migrating of minor influence, occurring identically
in both specimen geometries and, thus, is independent of specimen size.

However, the analyses of the creep parameters detect a higher creep resistance for
the miniature creep specimens. A higher number of twinned grains originated by the
manufacturing process indicates a higher work hardening interfering with the dislocation
movement, being beneficial for creep resistance. Therefore, it can be assumed, a higher
fraction of twinned grains within the gauge volume gains more importance in small
specimens. In addition, in a notch-like gauge volume of the miniature specimens, an
emerging multiaxial stress state is possible. Therefore, the higher creep resistance of the
miniature specimens measured here is probably dependent on both the twinned grains
and geometry in the gauge volume. In a good approximation, the creep behavior of a
material can be determined by miniature creep specimens; however, a direct comparison
of quantitative creep parameters is not possible without the knowledge and explanation of
the reasons for systematic deviations.
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