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The methodology based on correlating hardness and phase transformations was developed and applied to
determine the maximum temperature of hardness retention of selected Al-based and Mg-based alloys for
aerospace applications. The Al alloys: A356, F357, and C355 experienced 34-66% reduction of the initial
hardness, in comparison to 4-22% hardness reduction observed in Mg alloys: QE22A, EV31A, ZE41A, and
WEA43B after the same annealing to 450 °C. For Al alloys the hardness reduction showed a steep transition
between 220 and 238 °C. In contrast, Mg alloys showed a gradual hardness decrease occurring at some-
what higher temperatures between 238 and 250 °C. The hardness data were correlated with corresponding
phase transformation kinetics examined by dilatometer and electrical resistivity measurements. Although
Mg alloys preserved hardness to higher temperatures, their room temperature tensile strength and hard-
ness were lower than Al alloys. The experimental methodology used in the present studies appears to be
very useful in evaluating the softening temperature of commercial Al- and Mg-based alloys, permitting to
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assess their suitability for high-temperature applications.

Keywords Al/Mg cast alloys, dilatometer, electrical resistivity,
hardness retention, mechanical properties, phase

transformation

1. Introduction

The lightweight Al- and Mg-based cast alloys represent key
engineering materials for structural aerospace applications due
to their superior strength to weight ratio, corrosion resistance,
and castability. Both groups of alloys offer advantages and
challenges with respect to their in-service performance charac-
teristics, easiness of manufacturing, and associated costs. For
both groups of alloys the precision sand casting process is used
to produce low-volume, highly complex-shaped parts with a
high level of structural integrity. The desired microstructure
with controlled and predictable internal porosity is achieved via
combination of the mold design, liquid metal treatment, and
directional solidification, combined with the core chill technol-
ogy (Ref 1). The castability requirements of these alloys
represent the significant factor to ensure that chemistry
modifications, required to achieve the desired structural char-
acteristics, do not impair the mold-filling ability and quality of
the final cast part.

The A356, F357, and C355 Al alloys are key candidates for
a variety of structural and powertrain applications. There is a
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growing demand to develop a new class of alloys for high-
temperature performance, because the operating temperature of
existing alloys, typically below 180 °C, is not sufficient for
new applications. For example, the accessory gear box used in
jet engines requires service temperatures during continuous and
peak operating conditions exceeding 170 and 250 °C, respec-
tively (Ref 2), making alloys such as C355 not suitable for
these components. Similar demands are observed in the
automotive powertrain systems; for example, the engine block
development is constantly challenged to increase power
density, i.e., to obtain more power from the same or lower
alloy weight. This is achieved by increasing the operating
temperature at higher compression rates, underlining the need
for improved fatigue resistance and creep strength of the alloys
up to 250 °C (Ref 3, 4).

The Mg alloys have several important characteristics, which
include low density (30% lower than Al alloys), high specific
strength, dimensional stability, and good machinability. Despite
these advantages, Mg alloys have not been a primary choice for
structural parts in powertrain due to their poor elevated
temperature properties, low stiffness, and high surface reactiv-
ity (Ref 5, 6). In automotive engine components, where
channeling coolant or running surfaces are of concern, in
addition to low modulus of elasticity, the insufficient corrosion
resistance is the major drawback. To overcome these limita-
tions, AI/Mg composites have been explored in applications for
automotive engine blocks and crankcases (Ref 7). In this
design, the cylinder running surface, the cooling water jacket,
cylinder head studs, and main bearings are made from Al alloy,
inserted in the Mg-alloy matrix, reducing the weight by 24% in
comparison to all Al-alloy design. For aerospace applications
the family of cast Mg-based alloys including the QE22A,
EV31A, ZE41A, and WE43B grades with improved high-
temperature performance, achieved via additions of rare earth
elements, was introduced for components requiring service
temperature up to 250 °C.
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To meet higher demands for in-service operating parameters
of automotive and aerospace components at elevated temper-
atures, better understanding of the relationship between
mechanical, structural, and thermo-physical properties of the
alloys is required. This knowledge is paramount since
improvements in the material performance achieved during
the last few decades were mostly associated with an increase in
understanding and development of complex relationships
between composition, processing, microstructure, and proper-
ties (Ref 8). Such data represent the fundamental knowledge
that can be used to develop new high performance materials,
with Al- and Mg-based alloys being the primary candidates.

The alloy hardness can be used as an indicator of its
performance at temperatures up to 500 °C. The hardness
characteristics obtained during isochronal annealing experi-
ments have been used to evaluate phase transformation kinetics
during alloy aging, to determine the aging parameters required
to activate specific types of precipitates. Such methodology was
used by Knipling et al. (Ref 9) to analyze aging transformation
kinetics of synthetic Al-Zr-Ti model alloys. While hardness and
microstructure evolution have often been discussed in the
literature, the corresponding phase transformations have seldom
been analyzed by means of thermo-physical methods. Vlach
et al. (Ref 10) used isochronal annealing with a combination of
microhardness, electrical resistivity, and differential scanning
calorimetry to evaluate the effect of small additions of Sc and
Zr on microstructure along with thermodynamic and mechan-
ical properties of Al-Sc-Zr mold cast and cold-rolled cast
alloys. Other studies have reported on using dilatometry,
electrical resistivity, and/or differential scanning calorimetry in
a separate set of experiments (Ref 11).

The aim of this study was the comparative analysis of
hardness retention and corresponding phase transformations in
Al-based and Mg-based alloys, in the temperature range
between 25 and 450 °C. The maximum temperature the alloys
can withstand without drastic loss of hardness was determined
and correlated with the corresponding phase transformation
data to develop the methodology for an assessment of the
alloy’s high-temperature performance. The hardness retention

Table 1 Al-based alloys chemical compositions (wt.%)

capabilities were also compared with initial properties of tested
alloys at room temperature.

2. Experimental Procedure

2.1 Material and Characterization Techniques

Al-based A356, F357, and C355 alloys and Mg-based
QE22A, EV31A, ZE41A, and WE43B alloys with potential
applications for high integrity and high precision sand cast
aerospace components intended for elevated temperature ser-
vice have been used in the present studies. Test coupons, with
chemistries specified in Tables 1 and 2, in the form of tensile
test bars, were cast using the ASTM: B108/B108 M-12elmold.
All concentrations of alloying elements discussed throughout
this work are expressed in weight percent unless specified
otherwise. The alloy melting and liquid metal processing as
well as casting of test coupons were done as per appropriate
standard specifications. After casting, the test coupons were
subjected to T6 or TS5 heat treatments following the ASTM
standard to meet the temper requirements, as per commercial
production procedures. Details of alloy conditions, processing
parameters, and testing are summarized in Table 3.

The alloy hardness was measured at room temperature using
a Buehler Rockwell tester employing F scale and 60 kg load.
For each sample, twenty measurements were conducted and an
average value along with the standard deviation was plotted.
The hardness retention as a function of the temperature was
evaluated using isochronal annealing test consisting of incre-
mental heating from 25 to 500 °C with a step of 25 °C and
isothermal holding at each temperature for 15 min. The
hardness was measured after samples were cooled to room
temperature and hardness results were graphically presented as
a function of annealing temperature. Alloy softening (hardness
transition point) represents the maximum temperature above
which hardness degrades rapidly. To properly determine this
point 2nd derivative method can be used where first the
polynomial curve is determined based on the least square

Chemical component, wt.%

Other elements

Alloy Si Fe Cu Mn Mg Zn Ti Sr Each Total
F357 6.5-7.5 0.12 0.05 0.03 0.45-0.6 0.05 0.2 0.0 0.05 0.1
A356 6.5-7.5 0.13-.0.25 0.1 0.05 0.30-0.6 0.05 0.2 0.0 0.05 0.15
C355 4.5-5.5 0.13 1.0-1.5 0.05 0.50-0.6 0.05 0.2 0.0 0.05 0.15
Table 2 Mg-based alloys chemical compositions (wt.%) as per ASTM specification B 93/B 93 M-03

Chemical component, wt.%
Alloy Zn Y Nd Ag Gd Other rare earths Zr
EV31A 0.2-0.5 2.6-3.1 1.0-1.7 Saturated
QE22A 2.0 2.5 0.60
ZE41A 3.5-5.0 0.8-1.7 0.4-1.0
WE43B 3.7-4.3 2.0-2.5 1.9 max 0.4 min
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Table 3 Summary of Al- and Mg-based alloys processing conditions and testing

Alloy Condition Processing parameters Testing applied
F357 As-cast Cast into B108 permanent mold DIL, ER, TA, HRF, RTT, ANN, MA
T6 ST at 544 °C for 13 h
AA at 160 °C for 6 h
A356 As-cast Cast into B108 permanent mold
T6 ST at 538 °C for 13 h
AA at 154 °C for 6 h
C355 As-cast Cast into B108 permanent mold
T6 ST at 529 °C for 13 h
AA at 154 °C for 7 h
EV31A As-cast Cast into B108 permanent mold
T6 ST 520 °C for 8 h
AA at 200 °C for 16 h
QE22A As-cast Cast into B108 permanent mold
T6 ST 525 °C for 8 h
AA at215°C for4 h
ZE41A As-cast Cast into B108 permanent mold
T5 AA at 330 °C for 2 h
WE43B As-cast Cast into B108 permanent mold
T6 ST 525 °C for 8 h

AA at 250 °C for 16 h

DIL dilatometer Analysis, ER electrical resistivity, HRB hardness, RTT room tensile testing, ANN annealing from 25 to 500 °C experiments, MA
microstructure analysis, ST solution treatment, A4 artificial aging, 74 thermal analysis

method using the experimental set of hardness data, and next
derivative is calculated to determine the transition points. The
samples in as-cast and tempered states were in the form of
disks, with a diameter and a height of 20 mm. An air circulating
resistant furnace (Blue M, Park Thermal), with a temperature
accuracy of £3 °C was used. The room temperature uniaxial
tensile tests were performed on the as-cast and heat-treated Al
and Mg samples following ASTM: E8/E8 M-11 and ASTM:
E9-09 standards at a strain rate of 10 /s using the comput-
erized tensile testing machine.

The microstructure examinations were carried out using an
optical microscope and Nova NanoSEM 650 (FETM) Scanning
Electron Microscope (SEM). The EDX chemical analyses in
the mode of both spot and surface mapping were performed
using a 15 kV voltage with background corrections applied to
improve the quantification accuracy of minor elements. To
quantify results, at least four different locations were analyzed
on each phase and the mean and standard deviation values were
calculated.

2.2 Assessment of Thermo-physical Properties

The BAHR DIL 805A/D quench dilatometer was used for
analysis of aging kinetics during isochronal heating of as-cast
and tempered alloys from 25 to 500 °C with a heating rate of
~0.1 °C/s. The cylindrical samples with a diameter of 5 mm
and a gage length of L = 10 mm were used in dilatometric
studies. The sample length change (dL, um) and its derivative
curves (dL/dt, pm/s) were calculated and plotted as a function
of testing temperature. Continuous heating of a saturated solid
solution results in precipitation of dissolved solute, what
increases the sample length. Dissolution of precipitates, on the
other hand, decreases the sample length (Ref 11, 12). The
typical peak curve shape could be described by key character-
istic points, i.e., beginning of the peak and maximum of the
peak followed by a subsequent peak minimum. Such a peak
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represents an energy signature of aging transformation reac-
tions occurring during testing. Within the scope of this work,
the over-aging temperature was considered as beginning of the
peak and this point can be linked to the critical-service
temperature of the alloy casting. When the latter is exceeded,
the component mechanical properties rapidly deteriorate due to
precipitate coarsening, resulting in a loss of the precipitate
coherency with the alloy matrix (Ref 14).

To complement the dilatometer analysis of aging kinetics,
the studies of electrical resistivity were conducted during
continuous isochronal heating from 25 to 450 °C for alloys in
the as-cast and tempered conditions. The rectangular test
samples had dimensions of 2 x2 x 60 mm. A four-point
method of measuring a potential drop across the sample was
used. The potential and the current leads were spot welded to a
sample and measurements of potential drops were performed
continuously during heating by reversing the known current
flowing through the circuit. A detailed description of the
technique is given in Ref 11.

3. Results and Discussion

3.1 Methodology for Evaluation of the Alloy Hardness
Retention and Corresponding Phase Transformation
Kinetics

The dilatometry experiments were conducted during iso-
chronal heating cycles to detect and analyze the corresponding
phase transformation kinetics. An example of the chart showing
behavior of the C355-modified alloy (Al-Si-Cu-Mg) in the (i)
as-cast, (ii) T6 peak-aged, and (iii) T7 over-aged condition
subjected to the dilatometer analysis, is shown in Fig. 1. All
analyzed alloys in both the as-cast and T6 conditions exhibited
the linear change upon heating as seen in the dL versus
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Fig. 1 Methodology for determination of critical temperature the
alloy can withstand without drastic loss of mechanical properties
based on dilatometer and hardness measurements carried out for
experimental Al-Si-Cu-Mg-based alloy in the as-cast, T6 peak-aged,
and T7 over-aged conditions (Ref 4, 37). (a) Length change (dL)
vs. temperature, (b) length change rate (dL/df) vs. temperature, (c)
hardness (HRF) vs. temperature. Note that #b, #m, and #e repre-
sent “beginning”, “maximum”, and “end” of the transformation
peak, respectively (b), while #by points out hardness transition
temperature (c)
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temperature curves in Fig. 1(a). The derivative curve (dL/dt), as
a function of temperature shows distinct transformation peak
between temperature points #b and #e, with the maximum at
point #m (Fig. 1b). The observed transformation peak on dL/dt
curve is overlaid with the linear expansion effect due to the
temperature increase. At temperature point #e, dL/dt drops to its
initial value observed before transformation. Almost constant
value of dL/dt beyond the point #e, indicates completion of the
precipitation reactions and the increase of the sample length
with temperature occurs due to thermal expansivity of the alloy.
The corresponding hardness profile obtained from isochronal
heating experiments is presented in Fig. 1(c). The comparison
indicates that the beginning of the transformation peak obtained
from dilatometer analysis marked as point #b in Fig. 1(b),
corresponds to the hardness transition point, marked as point
#by in Fig. 1(c).

The dL/dt peak characteristics, which include peak height
and peak location, are controlled by the degree of saturation of
solid solution achieved after a given heat treatment. For
example, T6 sample upon reheating to 450 °C showed clear
transformation peak, while over-aged sample (T7 condition)
showed monotonic increase of dL/dt over corresponding
temperature interval. This indicates a lack of phase transfor-
mation process upon reheating of T7 sample and the length
change occurs due to the alloy thermal expansion without
contribution from precipitation or dissolution reactions
(Fig. 1b). The resolution of the linear variable displacement
transducer (LVDT) used in the dilatometer system (0.05 um/
0.05 °C (dL/°C)) was sufficient to detect all phase transforma-
tion events associated with dimensional changes in the samples,
as discussed in the next paragraph.

3.2 Characteristics of Al- and Mg-Based Alloys

The properties of both groups of Al and Mg alloys in as-cast
and heat-treated states, including the room temperature hard-
ness, tensile properties, and alloy solidification characteristics
have been studied. The results permitted to analyze a relation-
ship between the room temperature properties and the hardness
retention during high-temperature exposures.

3.2.1 Melting and Solidification Characteristics. Ther-
mal analysis experiments during heating and cooling cycles
were conducted to understand melting and solidification
characteristics required to establish alloys’ processing param-
eters during ingot melting and casting (Ref 13). The charts
summarizing a key thermal data including solidus and liquidus
temperatures during melting and solidification are shown in
Fig. 2. The liquidus temperature of Mg alloys is generally
higher than that of Al alloys, approaching 650 °C for EV31A
and up to 620 °C for C355 alloy (Fig. 2a). In contrast, melting/
solidification temperature of the eutectics is consistently higher
in Al alloys. Although the solidus temperature during solidi-
fication cycle of Mg alloys strongly depends on the alloy grade,
it falls in the same range of temperatures as measured for Al
alloys (Fig. 2b).

3.2.2 Phase Composition and Microstructure. The Al
alloys A356 and F357 have the same composition limits for Si
and Fe, but the latter has half of Cu and higher Mg content. The
C355 alloy contains less Si (i.e., 4.5-5.5%), has more Cu than
both the A356 and F357 grades (i.e., 1.5 versus 0.1 and 0.05%,
respectively) and its Mg content range is between that of A356
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Fig. 2 Thermal analysis results for Al and Mg Alloys obtained dur-
ing: (a) melting cycle to 750 °C with 0.2 °C/s heating rate, (b) solid-
ification cycle from 750 °C with 0.1 °C/s cooling rate. Note that
Tiiquidus> Tsoliduss aNd Teyiecric melting temperatures are presented. The
difference between liquidus and solidus temperature represents alloy
solidification range interval

and F357. In all Al alloys studied, Si is the major alloying
element, added to improve castability (Ref 15, 16). In addition,
Si improves wear resistance due to formation of the Al-Si
eutectics. The plate-like Al-Si eutectics, observed after casting,
undergoes morphological changes during solutionizing treat-
ment resulting in a fibrous structure. The degree of the eutectic
Si modification depends on addition of Sr, solidification rate,
and parameters of the solution treatment (Ref 17-21). The
difference between the as-cast and T6-tempered microstructures
of the C355 alloy is presented in Fig. 3.

It is known that the more fibrous the Si phase is, the better
the tensile properties should be expected (Ref 12). In Al alloys,
Mg is responsible for solution strengthening of the Al matrix
and after aging it forms the Mg,Si intermetallics (Ref 15, 17,
18). It is generally accepted that the precipitation sequence is as
follows SSS — GP zones — B” — B+ Si — B-Mg,Si
(Ref 22). Based on TEM study by Li et al. (Ref 23), the
equilibrium precipitate composition is Mg,Si. Mg,Si forms at
457 °C in the unrefined A356 alloy and at 465 °C in the A356
alloy refined with 2.5% Al-5Ti-B master alloy (Ref 22). The Cu
additions introduce 0-Al,Cu as the main strengthening phase
(Ref 21), increase the heat treatment response (Ref 16, 21), and
decrease the corrosion resistance (Ref 16, 19). Additions of Fe
form the rod-like B-phase AlsFeSi and can be detrimental to
ductility as well as to strength (Ref 15, 24). With Mn addition,
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the plate-like a-phase Al;s(Fe,Mn);Si, is formed (Ref 15, 24),
while if Mg is available in sufficient amount, the m-phase
(AlgFeMg;Sig) has been observed (Ref 15). The above phases
do not dissolve during solutionizing and cannot be reprecip-
itated in a controlled manner during aging operations (Ref 15,
17, 24). This reduces the Mg amount available for precipitation
hardening via its contribution to Mg,Si. Additions of Be and
Mn are used to minimize the effects of Fe (Ref 15, 16), while Ti
is being added to reduce the size of the a-Al grain (Ref 15, 22).
All Al-based alloys used in the present study had the same
nominal concentration of Ti, so they should experience the
same degree of grain refinement. Examples of the microstruc-
ture of C355 Al alloy after various heat treatment conditions are
shown in Fig. 3. The main microstructural constituents are
pointed by arrows and the summary of major intermetallic
phases observed in the Al-based alloys is listed in Table 4.

The Mg-based alloys studied here are intended for sand cast;
specialty aerospace components aimed for high-temperature
applications up to 250 °C. Their chemical compositions are
based predominantly on additions of Ag, Zr, and Zn as well as
rare earth elements such as Y, Nd, or Gd. The combination of
alloying elements results in the development of thermally stable
microstructure consisting of Mg matrix, Mg eutectics, and
various primary and secondary phases containing rare earth
elements. The summary of main intermetallic phases observed
in Mg-based alloys is presented in Table 5. The EV31A
(Elektron 21) is alloyed predominantly by the additions of Nd
(2.6-3.1%), Gd (1.0-1.7%), Zn (0.2-0.5%), and Zr in a form of
the saturated solid solution (Table 2). The as-cast microstruc-
ture consists of o-Mg solid solution and eutectic o-
Mg + Mg3(Nd,, Gd; _,) or Mg;»(Nd,, Gd;_,) located at grain
boundaries (Ref 25, 26). The latter phases are a modification of
MgsNd and Mg;,Nd, respectively, and dissolve in the matrix
during solution treatment. The eutectic phases are often
detected in the as-cast condition on the fracture surface. The
EV31A requires T6 tempering with solution treatment at
520 °C for 8 h, followed by quenching in hot water or polymer
followed by artificial aging at 200 °C for 16 h (Ref 25).

The QE22A alloy contains additions of 2.0% Nd, 2.5% Ag,
and 0.6% Zr which remain in the saturated solid solution. The
as-cast microstructure, besides the o-Mg matrix and Mg
eutectics, contains the (Mg,, Ag;_,)Nd intermetallic phases.
The alloy is typically T6 tempered in a treatment consisting of
solutionizing at 527-535 °C for 4-8 h and artificial aging at
200 °C for 8-16 h (Ref 19). Barucca et al. (Ref 27) reported
204 °C as the industrially accepted aging temperature that leads
to formation of the stable (Mg,, Ag;_,);2Nd phase.

The WEA43 alloy was developed for service at elevated
temperatures and it maintains its good mechanical properties
for long-term exposures up to 250 °C (Ref 28). Of the two
grades WE43A and WE43B, the latter has lower contents of
Mn (0.03%) and contaminants such as Cu and Ni. Also total
contribution of Zn and Ag is limited to 0.15% (Ref 29). The
alloy phase composition depends on aging state and includes
phases such as B”, B’, By, and equilibrium B (Ref 30). After
aging at temperatures from 175 to 300°, the [’-phase
(Mg,NdY) forms, which is common when the treated alloy
is exposed to temperatures equal to or greater than 300 °C. The
By and B’ phases eventually become the B phase having, in the
WEA43 alloy, a stoichiometry of Mg;4Nd,Y (Ref 31). An
example of the microstructure of the WE43B alloy in the as-
cast and tempered condition is shown in Fig. 4.
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Fig. 3 Optical microstructure of C355 Al-based alloy under x 100 and x500 magnification in the following conditions: (a, b) as-cast, (c, d) T6
heat treated. Note that selected phases are depicted by numbered arrows and are summarized in Table 4

Table 4 Summary of intermetallic phases observed in
the investigated Al-based alloys (Ref 16)

Table 5 Summary of intermetallic phases present in the
investigated Mg-based alloys (Ref 32)

Alloy No. Phase Alloy No. Phase
F357 1 o-Al matrix EV31A 1 o-Mg
2 Si 2 o (Mg)-B(Mg,7Al;,) eutectic
3 AlgFe,Si 3 Mgz (Nd,, Gd;_,)
4 AlsFeSi 4 Mg»(Nd,, Gd,_,)
5 AlgMg3FeSi6 5 Mg3Nd
A356 1 o-Al matrix QE22A 1 o-Mg
2 Si 2 o (Mg)-B(Mg,7Al;,) eutectic
3 AlgMgsFeSig 3 (Mg,, Ag;_,)1oNd
4 Mg,Si WE43B 1 o-Mg
5 AlsFeSi 2 o (Mg)-B(Mg,7Al;,) eutectic
C355 1 o-Al matrix 3 Mgi4 NdoY
2 Si 4 Mg,NdY
3 AlsFeSi ZE41A 1 o-Mg
4 AlgMg;FeSig 2 o (Mg)-B(Mg,7Al;,) eutectic
5 AlSMggCqui6 3 B-Mg-ZH-RE
6 AlL,Cu 4 Mg,Zn;RE
7 Mg,Si

The ZE41A alloy is typically used after TS heat treatment
(Ref 32). The as-cast microstructure consists of eutectics
surrounding the o-Mg grains, like in as-cast EV31A and
QE22A grades. In the ZE41A alloy, the eutectics show visibly
higher volume fraction and according to Riddle et al. (Ref 33),

1370—Volume 24(3) March 2015

it is built of a-Mg and B-Mg-Zn-RE. More recent literature
describes the eutectic structure having Mg,Zn;RE as the
secondary phase (Ref 32-35). This corresponds to the Mg and
Zn content of 64 and 27 at.%, respectively. Aging for 2 h at
329 4+ 6 °C results in satisfactory mechanical properties, which
can be further improved by a thermal treatment for 16 h at
177 £6 °C (Ref 34). Based on Lagowski’s findings (Ref 36),
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Fig. 4 Optical microstructure of WE43B Mg-based alloy under x100 and x500 magnification in the following conditions: (a, b) as-cast, (c, d)
T6 heat treated. Note that selected phases are depicted by numbered arrows and are summarized in Table 5
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Fig. 5 As-cast and T6 hardness of the Al and Mg-based alloys.
Note similar hardness for all alloys in the as-cast condition and
approximately twice higher hardness for Al-based alloys in the tem-
pered condition. Higher hardening response for Al-based alloys is
visible

the YS, UTS, and elongation of the heat-treated alloy in this
experiment are very close to those obtained after aging at
330 °C for 2 h followed by 72 h at 120 °C.

3.2.3 Hardness and Tensile Properties. The hardness is
commonly being used as an indicator of the alloy’s high-
temperature performance since it can be correlated with other
mechanical properties. The room temperature hardness of Al
alloys in tempered conditions showed similar level with the
highest value of 62.64+0.15 HRF for C355, followed by
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61.440.5 HRF for F357, and the lowest value of 57.8 0.5
HRF for A356 (Fig. 5). While hardness differences remained
small, they were statistically significant. A similar trend was
observed for as-cast condition with C355 having the highest
hardness of 24.9 +£2.4 HRF among all analyzed alloys. The
age-hardening response, i.e., the difference between hardness in
the as-cast and heat-treated conditions was approximately
600% for F357 (10.7 versus 60.3 HRF) and A356 (10.6 versus
57.8 HRF) and 250% for C355 (24.9 versus 62.6 HRF) alloy.
The as-cast hardness of Mg alloys does not generally exceed 20
HRF. In contrast to Al alloys, T6/T5 heat treatment of Mg
alloys exerts much lower effect. The EV31A and QE22A
grades reached a similar hardness of 36.8 2.1 and 34.1 + 0.4
HREF, respectively, in the T6 condition, while the WE43B had
the highest hardness of 39.7 & 1.1 HRF. The substantially lower
hardness of 19.1 &+ 1.9 HRF was measured for the ZE41A alloy.

The tensile strength in as-cast state was similar for all Al and
Mg alloys with values between approximately 170 and
205 MPa (Fig. 6a). A similar trend was exhibited by yield
stress with values between about 100 and 150 MPa. There was
a difference in elongation, which for as-cast state was
substantially higher for Mg alloys. In case of the EV31A
grade the elongation reached 8%, being twice of that seen for
Al alloys.

As expected, T6 heat treatment led to substantial increase in
strength and yield stress of Al alloys (Fig. 6b). The C355 alloy
developed the highest strength of 341 1.9 MPa, yield stress
of 247+0.7 MPa, and elongation of 6.240.02%. The
observed differences between Al alloys in the as-cast and T6
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conditions varied between 5 to 10% and were statistically
significant. The strengthening response was up to 50%,
depending on the alloy grade.

For Mg alloys, T6/T5 heat treatment led to tensile strength
between 230 and 271 MPa, yield stress between 168 and
211 MPa and elongation between 4 and 5%. The highest
strength of 271 +5.3 MPa in the tempered condition reached
the EV31A alloy, with yield stress of 172+ 3.0 MPa and
elongation of 4.54+0.3 MPa. The Ilowest strength of
229+ 6.1 MPa in the tempered condition was observed for
ZE41A alloy, having yield stress of 167+2.6 MPa. Its
elongation of 5.2+ 0.6%, however, was the highest among
all Mg alloys. The strengthening response of Mg alloys was up
to 40% depending on the alloy grade.

3.3 Hardness Retention After High-Temperature Exposures
and Corresponding Phase Transformations

3.3.1 Al-Based Alloys. The analysis of hardness as a
function of testing temperature revealed that T6 heat-treated
A356 and F357 alloys show steady hardness retention of
approximately 95 HRF from room temperature up to 225 and
220 °C, respectively (Fig. 7a). When the temperature of 225 or
220 °C was exceeded, the transitional hardness drop was
observed from approximately 90 to 30 HRF and 95 to 33 HRF
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for A356 and F357 alloys, respectively. The C355 alloy after T6
treatment exhibited higher hardness retention since softening
was shifted from 220 to 238 °C and resulted in hardness decrease
from approximately 97 to 50 HRF. The hardness retention
between temperature range of 325-450 °C was statistically
higher for C355 alloy as compared with A356 and F357, i.e.,
approximately 55 HRF and 30 HRF, respectively (Fig. 7a). Since
C355 alloy has the higher content of primary intermetallic phases
they, most likely, contribute to higher hardness retention at
elevated temperatures. The room temperature hardness measure-
ment in the as-cast condition showed that the C355 alloy had the
highest value out of all analyzed alloys. In addition, it was
observed that the C355 alloy experienced the lower hardness loss
after exposure to temperatures between 225 and 325 °C and
higher hardness value after exposure in the temperature range of
325-450 °C.

In the tempered condition, the temperature of 220, 225, and
238 °C, corresponding to the over-aging reaction, has been
established as the transition temperature above which degrada-
tion of hardness was observed for F357, A356, and C355
grades, respectively (Fig. 7a). As simplified approach, this
transition temperature can be derived by finding out the
intercept point of the two tangent lines plotted to the plateau
and descending part of the hardness curve. As compared with
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loys as a function of annealing temperature between 100 to 450 °C
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er hardness for C355 alloy for both conditions, while A356 and
F357 starts to soft approximately at 225 and 220 °C while C355 at
approximately 238 °C (a). Note lower rate of hardness degradation
(slope tangent) for C355 alloy and up to 60% higher hardness be-
tween 325 to 450 °C

the as-cast condition (Fig. 7b), all T6-tempered Al alloys
showed significant hardening response with about 20% hard-
ness gain from 55 to 72 HRF range to approximately 95 HRF
within temperature range from 25 to 225 °C (Fig. 7b). The
shape of the hardness curve remained similar for all analyzed
alloys without significant difference in the transition temper-
ature where hardness degradation occurred. The as-cast sam-
ples taken for all analyzed alloys experienced initial hardness
increase, for example for A356 alloy from approximately 55-65
HRF between 25 to 225 °C, followed by transitional decrease
to 30 HRF at 325 °C (Fig. 7b). This indicates that some
hardening took place upon reheating and some degree of solid
solution saturation remained after the sample casting process.

The dilatometer and electrical resistivity analyses were
conducted during isochronal heating cycles to detect any
potential transformation reactions to develop subsequent cor-
relations with hardness characteristics. While electrical resis-
tivity was done for both groups of alloys, detailed dR/dT versus
temperature data was presented for Mg alloys only since the
magnitude of their phase transformation was weaker as
compared with Al-based alloys. The superimposed hardness
characteristics after exposure at temperatures from 25 to 450 °C
and corresponding dilatometer isochronal aging curves for
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points are marked accordingly to the methodology as described on
Fig. 1

A356, F357, and C355 alloys in the as-cast and T6-treated
conditions are shown in Fig. 8. For all analyzed alloys the
beginning of phase transformation, recorded on dilatometer dL/
dt curve (#b), relates to the transition temperature where
hardness degradation occurred. While height of the transfor-
mation peak observed for the investigated alloys varied, the
beginning of the peak between 220 and 238 °C depending on
the alloy, matched the hardness transition temperature. Subse-
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quently, it was observed that the end of the phase transforma-
tion peak, i.e., 400 °C Fig. 1(b) point (#¢) matches the hardness
curve plateau, where no hardness increase was observed.
Similar observations were confirmed for as-cast and T6-
tempered conditions. The only difference in the hardness
characteristics between analyzed alloys was that the C355 alloy
had the higher peak hardness in the temperature range from 100
to 225 °C, less steep hardness loss between 225 and 325 °C,
and higher hardness between 325 and 450 °C, as compared
with A356 and F357 alloys.

3.3.2 Mg-Based Alloys. The investigated Mg alloys in
the tempered condition did not show abrupt hardness changes
over the testing temperature range, instead the hardness loss
was gradual or even constant along the testing temperature
interval from 25 to 450 °C (Fig. 9a). The ZE41A alloy in the
T5-tempered condition had almost the same hardness at the
level of approximately 70 HRF throughout entire temperature
range. The QE22A and EV31A alloys exhibited transitional
hardness decrease from approximately 80 HRF at 100 °C to 59
HRF at 450 °C that occurred between 225 and 250 °C,
respectively. Similar transition in hardness was observed for
WE43B alloy at approximately 250 °C but was minor by
several units only i.e., from 81 to 75 HRF.

As compared with the as-cast condition, all T6/T5-tempered
Mg alloys showed on average approximately 15% hardness
increase, i.e., the hardness varied between 60 and 70 HRF to
70-82 HRF at 100 °C and between 55-70 to 59-76 HRF at
450 °C for as-cast and T6 condition, respectively. Hardness
changes as observed at temperatures from 25 to 450 °C for
alloys in the as-cast condition had different characteristics than
heat-treated alloys. In contrast to Al alloys, the as-cast Mg
alloys did not show visible aging effect manifested by peak
hardness observed when ramping the as-cast test samples from
25 to 450 °C (Fig. 9b). The QE22A was an exception from this
behavior, showing as-cast hardness increase from approxi-
mately 60 HRF at 100 °C to 73 HRF at 250 °C followed by the
gradual decrease down to 55 HRF at 450 °C.

The EV31A and WE43B alloys showed distinct transfor-
mation peaks identified using both the dilatometer and electrical
resistivity methods (Fig. 10b and d, 11b and d). The QE22A
alloy showed the transformation peak, the beginning of the
peak at 250 °C was rather minor since it was observed only by
electrical resistivity measurements (Fig. 11a). The EV31A
alloy had the transformation peak with beginning at approx-
imately 255 °C and maximum at 300 °C followed by
subsequent minimum at 330 °C as detected using the dilatom-
eter (Fig. 10b) and electrical resistivity —measurement
(Fig. 11b). Some discrepancy existed between electrical resis-
tivity and dilatometer measurements as far as temperature of
transformation peaks is concerned. The superimposed hardness
and transformation kinetics data as obtained from dilatometer
(Fig. 10b) and electrical resistivity (Fig. 11b) analysis for
EV31A alloy showed that transitional hardness change coin-
cides with beginning of the transformation peak at approxi-
mately 255 °C (Fig. 10b, point #b). This phenomenon was
clearly observed for T6 test samples and less clearly for sample
in the as-cast condition. The recorded dilatometer peak for the
EV31A alloy is associated with sample contraction, the dL/dt
decreased from 0.048 to 0.033 pum/s over the temperature range
from 280 to 330 °C (Fig. 10b). The contraction effect was
significant since it exceeded sample expansion during heating.
A similar trend was observed for EV31A alloy in phase
transformation assessment by electrical resistivity measure-
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ments, where the dR/dT values decreased from 4 to —6 pQ/°C
over the temperature range from 280 to 330 °C (Fig. 11b).
The WE43B alloy had a distinct transformation peak as
detected by dilatometer analysis, with beginning of the reaction
at about 250 °C and maximum at 300 °C, as shown earlier in
Fig. 10d. Minor transition hardness degradation over the tested
temperature range was observed as seen in this figure. The
electrical resistivity analysis carried out for WE43B alloy
showed similar results where the distinct transformation peak
associated with a dissolution process was clearly manifested by
the increase in dR/dT values from 3 to 11 p€/°C over the
temperature range of 280 to 330 °C (Fig. 11d). The QE22A
alloy in the T6 condition showed transitional hardness change
at 225 °C from 78 to 60 HRF. The corresponding transforma-
tion reaction as detected by electrical resistivity measurements
was rather minor since it was falling within the background
noise not permitting to draw any further conclusions with
respect to detailed correlations with hardness characteristics
(Fig. 11a). In contrast, the QE22A as-cast alloy showed visible
transformation reaction associated with decrease of the dR/dT
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values from 2 to —1.0 p€/ C over the temperature range from
280 to 330 °C (Fig. 11a). This transformation was correlated
with as-cast hardness increase from approximately 60 HRF at
100 °C to 73 HRF at 250 °C followed by the gradual decrease
reaching 55 HRF at 450 °C. This hardness change indicate the
strengthening effect associated with precipitation and subse-
quent dissolution processes. The ZE41A alloy did not show any
transformation reaction upon heating of the as-cast as well as
T5 heat-treated sample that was confirmed by dilatometer
(Fig. 10c) and electrical resistivity (Fig. 11c) analysis. The
corresponding hardness values for ZE41A remained almost
constant at about 70 HRF for all testing temperatures (Fig. 9a).

In a search for factors affecting the hardness retention
temperature, the correlation with initial properties of Mg and Al
alloys, measured prior to the isochronal heating experiment, was
tested. An example of the relationship between the ultimate tensile
strength and hardness retention temperature is shown in Fig. 12. A
scatter of data points with a correlation coefficient R* = 0.183
indicates a lack of meaningful correlation. Similar outcomes were
obtained for other properties including hardness and yield stress. In
contrast, the strong correlation was established between hardness
degradation temperature and corresponding phase transformation,
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understood as beginning of the peak transformation temperature
for all Al and Mg alloys analyzed in tempered conditions. This
correlation is shown in Fig. 13 where alloys are ranked in the
descending order i.e., from the highest to the lowest values of
hardness transition temperature. The T5-tempered ZE41A alloy is
excluded since its hardness remained constant. On the other hand,
the QE22A alloy exhibited the hardness reduction but it did not
show corresponding transformation reaction.

The highest value of the hardness degradation temperature
of about 250 °C had the EV31A and WE43B followed by
C355 alloy with value of 238 °C and QE22A and A356 at
225 °C. The lowest value was recorded for the F357 alloy at
220 °C. The beginning of phase transformation temperature
established by the dilatometer analysis matched the hardness
measurements with +5 °C while electrical resistivity was
correlated with £25 °C. The results indicate that both meth-
odologies are complimentary and dilatometer analysis could be
used as stand-alone testing in order to evaluate the transitional
softening temperature required for more in-depth estimation of
alloys’ high-temperature performance.

The comprehensive analysis is required to develop similar
correlations between strength degradation at elevated temper-
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ature obtained from tensile/compression testing and corre-
sponding phase transformation. Such a methodology was
already outlined in the provisional patent applications and
suitable tensile testing equipment configuration was proposed
to carry out the simultaneous tensile/compression testing with
in situ phases transformation kinetics (Ref 37).

4. Conclusions

Two groups of cast Al-based alloys: A356, F357, and C355
and Mg-based alloys: QE22A, EV31A, ZE41A, and WE43B
were used to evaluate thermal stability of alloys for applications
at elevated temperatures. Both groups of alloys exhibited
substantial differences in the hardness retention temperature
during annealing up to 450 °C. The Al alloys experienced 34-
66% reduction of the initial hardness, which substantially
exceeds the hardness reduction of 4-22%, experienced by Mg
alloys after the same thermal exposure. For Al alloys the hardness
reduction exhibited a steep transition between 220 and 238 °C. In
contrast, Mg alloys showed rather gradual hardness reduction,
extended to the higher temperatures between 238 and 250 °C.

The as-cast and tempered Al and Mg alloys showed distinct
phase transformations upon heating that were detected by
dilatometer and electrical resistance measurements. The Al
alloys: A356, F357, C355, and Mg alloy WE43B, showed
over-aging reactions associated with the alloy expansion,
caused by the precipitation process. In contrast, the precipitate
dissolution associated with the contraction of the samples was
dominant during heating of Mg alloys EV31A and to the lesser
extent QE22A alloy. A distinct correlation between the
temperature of hardness reduction and the beginning of the
phase transformation temperature has been established. This is
in contrast to tensile properties and hardness measured prior to
isochronal annealing which did not exhibit correlation with
temperature of subsequent hardness reduction.

The results suggest that the dilatometric measurements in
combination with electrical resistivity measurements represent
efficient and powerful methodology to predict the temperature
of hardness reduction in commercial Al and Mg alloys. This
methodology may be used to determine the suitability of
metallic alloys for high-temperature applications in aerospace
and/or automotive industry.
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