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Abstract: A criterion for predicting the flame spread time of stick-shaped Mg alloy samples was proposed based on the
law of energy conservation. It is indicated that the flame spread time is mainly affected by the material and sample
dimension. The initial temperature and ignition temperature of the control volume and the S//; ratio (the cross-sectional
area/cross-sectional circumference) of the sample are decisive for the flame spread time. The flame spread time is
proportional to the AH (the energy required to heat a unit mass of sample from initial temperature to ignition
temperature) and the S//: ratio, which is confirmed in three Mg alloys of Mg—8.5A1-0.5Zn—0.2Mn, Mg—2.7Nd—
0.4Zn—0.6Zr and Mg—4.0Y—3.3Nd—0.5Zr. For samples with the same dimension, the Mg—8.5A1-0.5Zn—0.2Mn alloy
sample possesses the largest AH and the longest flame spread time. For samples with constant length and
cross-sectional area, the sample with circular cross-section has the largest S//. ratio and the best flame spread resistance

in the same alloy.
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1 Introduction

The demand for magnesium alloys in industry
is increasing rapidly, due to their benefits of
low density, high specific strength and good
castability [1—4]. However, the application of Mg
alloys in the aerospace is still limited by their
flammable characteristics [5,6]. Conventional Mg
alloys have a low ignition temperature and their
combustion releases massive heat, resulting in rapid
flame spread difficult to extinguish [7]. Although
the Federal Aviation Administration (FAA) lifted
the ban on the application of Mg alloys in aircraft
cabins [8], which increases the possibility of

applying Mg alloy components in the aerospace, the
safety is still a top concern. The primary way to
eliminate this unsafety is to increase ignition
temperature and flame spread resistance through the
fire-resistant design of Mg alloy components.
Alloying is an effective way to increase the
ignition temperature of Mg alloys. The ignition
temperature can be increased by optimizing the
alloy microstructure, especially the secondary phase.
Commercial AZ series Mg alloys have low ignition
temperatures due to the presence of the low melting
point Mg;7Ali» phase, such as AZ80 (known as
ZM5 in China) at approximately 540 °C [9].
CHENG et al [10] added 0.8 wt.% Ca to the ZM5
alloy to replace some Mg;7Ali> with high melting
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point Al,Ca phase, which increased the ignition
temperature to 662.5 °C. In addition, previous studies
show that alloying with reactive elements [11], such
as Be [12—15], Ca [15-17], and RE [10,13,18-23],
can significantly improve the ignition temperature
of Mg alloy, due to the formation of dense oxide
film. However, most of these findings were
obtained in the melt during a casting-like process,
which resulted in relatively high ignition
temperature due to the absent influence of external
flame. Some studies [20—23] also acquired the
corresponding ignition temperature or ignition
delay time by placing the solid Mg alloy samples in
a furnace for continuous heating tests or isothermal
tests. However, they are distinct from the ignition of
Mg alloy components. For aerospace applications,
the primary concern is the flammability and ignition
resistance of Mg components heated externally [21],
that is, the ignition and combustion behaviors of
Mg alloy components in the presence of flame.
Besides, the research on the ignition characteristics
of Mg alloys is relatively comprehensive, while the
understanding of the combustion characteristics of
Mg alloy components, especially about the flame
spread resistance, is relatively insufficient.
Dimension is not only an important factor
affecting the flame spread resistance of Mg alloy
components, but also an indispensable part of fire-
resistant design. However, the mechanism of the
effect of sample dimension on flame spread is still
unclear, and previous studies have mostly focused
on the effects on ignition characteristics [23—25].
Therefore, there is an urgent need for researches on
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how sample dimension affects flame spread, as well
as criteria to guide the dimensional design of Mg
alloy components. The purpose of the present work
is to propose a criterion based on the combustion
process of Mg alloys, which can predict the flame
spread time and provide an index to guide the
dimensional design of Mg alloy components. The
accuracy and guiding significance of this criterion
were verified by investigating the flame spread time
of three Mg alloys of AZ80 (known as ZMS5 in
China), EZ30K (known as ZM6 in China) and
WEA43 with different sample dimensions.

2 Criterion and index for
dimensional design

guiding

Figure 1 shows the fire process of a stick-
shaped Mg alloy sample. As shown in Figs. 1(a, b),
the lowest end of the sample is heated by an
external flame. Once the heated end is ignited, as
shown in Fig. 1(c), the external flame is removed.
The ignited area then oxidizes violently to burst out
a flame with an initially stable height of J;, as
shown in Fig. 1(d), which heats and ignites the
remaining sample to maintain combustion. As
shown in Fig. 1(e), £ is a micro-region selected as
the control volume, whose position is mobile and is
always Jr from the latest ignition point when used
as the starting point of a study cycle. ) is the initial
temperature of 2 when the heated end of the sample
is ignited, as shown in Fig. 1(d), and Tj; is the
ignition temperature. Although the flame becomes
larger as the sample burns, the flame spread of a
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Fig. 1 Schematic diagrams of fire process of stick-shaped Mg alloy sample heated by external flame: (a) Initial state;

(b) Heating; (c) Ignition; (d) Burning; (e) Flame spread; (f) Thermal model for flame spread
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sample can actually be divided into the flame
spread of each part, all of which are equivalent to
parts with a height of Jr being continuously heated
and ignited by a similar initial flame. And the time
it takes for the flame to heat and ignite Q2 region is
the time (#r) required for the flame to spread the
distance of dr.

QUINTIERE [26] proposed a criterion to
predict the surface flame spread speed of solids
such as wood. However, this criterion does not
consider the effects of solid melting and sample
dimension in detail, so it could not be directly
employed to predict the combustion process of Mg
alloy samples. Based on QUINTIERE’s criterion, a
thermal model was proposed to establish a criterion
to predict the flame spread time of stick-shaped Mg
alloy samples. Considering that the surface of the
control volume ©Q region is heated by the flame, it
dissipates little and negligible heat to the ambient.
As shown in Fig. 1(f), there are mainly three heat
fluxes acting on the @ region: ¢!, (heat flux per
unit area of conduction from the ignited end), ¢,
(heat flux per unit area of conduction from £ to the
unignited end), and ¢{ (average heat flux per unit
area of the flame incident convection and radiation
during Q being heated from 7y to Tig). Since the
temperatures and temperature gradients at different
locations in the micro € region are almost
the same, g is approximately equal to g,.
Therefore, the energy conservation equation in the
process of Q being heated from 7, to Ti; without
considering the relatively little evaporation is as
follows:

AxSpAH =Axl,t, (1)

where Ax is the height of Q region; S is the
cross-sectional area of the sample; p is the density
of the alloy; AH is the energy required to heat a unit
mass of sample from 7y to Tj,, and it is determined
by the alloy material; /. is the circumference of the
cross section. The flame spread time ¢ can be
expressed as

L AxS LpAH_C AxS

LT
£ xl, §5.4] Axl

(2)

C

where L is the length of the stick-shaped Mg alloy

sample; C is defined as . In the same test

514y
condition, for samples with the same dimension, the
flame spread time is almost proportional to AH; for

samples with a certain length L, a certain volume
and a certain Mg alloy material, C is almost
constant and the flame spread time is determined by
the shape of its cross-section. As for the control
volume £, AxS is the volume heated by the flame,
and Ax/. is the area of the surface receiving heat
from the flame. Therefore, the flame spread time is
proportional to the heated volume/receiving area
ratio, that is,

AxS S

=C=— 3
Axl [ @

t=C

The index of §/I. ratio can guide the
dimensional design of Mg alloy components. For
stick-shaped samples with constant length and
cross-sectional area, the sample with circular
cross-section has the largest S/I ratio, indicating
that its flame spread resistance is the best.

3 Experimental

3.1 Materials

The materials used to verify the criterion, three
Mg alloys of ZM5, ZM6 and WE43, were prepared
in as-extruded condition. Commercially pure Mg,
Al and Zn, Mg-30Y, Mg—30Nd, Mg—30Zr and
Mg—4Mn master alloys were used to prepare the
ZMS, ZM6 and WEA43 alloys. They were melted in
an electric resistance furnace at 720 °C under the
protection of CO; + SFs mixed gas, and then cast as
semi-continuous cast rods with a diameter of
240 mm, at a casting speed of 30 mm/s. Three kinds
of semi-continuous cast Mg alloy rods were
solution-treated (ZMS5: 375 °C for 24 h; ZM6 and
WE43: 500°C for 24 h) and extruded (ZM5:
350°C; ZM6 and WE43: 450 °C) into plates
(14.8 mm x 325 mm), with an extrusion speed of
5mm/s and an extrusion ratio of approximately
9.4. The chemical compositions of the extruded
plates were determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES)
and listed in Table 1.

Table 1 Chemical compositions of three Mg alloys
(wt.%)
Alloy Al Zn Mn Nd Y Zr Mg
ZM5 85 05 02 - - —  Bal
ZM6 - 04 - 27 - 0.6 Bal
WEA43 - - - 33 40 05 Bal
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3.2 Flame spread combustion test

Four kinds of samples with different
dimensions were cut from each kind of Mg alloy
extruded plate along the extrusion direction for
the combustion test, which are 3 mm x 20 mm X
100 mm, Smm x 12mm x 100 mm, 7.75 mm X
7.75mm x 100 mm  and  d8.74 mm X 100 mm
(60 mm? x 100 mm). And the corresponding S/l
ratios are 1.30, 1.76, 1.94, and 2.19 mm. As shown
in Fig. 2, the samples were fixed on the crossbeams
vertically and horizontally, respectively. The
horizontal sample has the same ignition behavior as
the vertical sample, since it is just rotated by 90°
relative to the vertical sample in space as shown in
Fig. 2. Since the burning flame is always vertical,
the Ti; measured by the vertical sample will have a
large deviation due to the influence of the flame,
while this deviation can be eliminated in the
horizontal sample. Therefore, the horizontal sample
was used to obtain the parameters of 7y and Tig
needed to predict the flame spread time ¢ of the
vertical sample. © is a micro-region on the sample
and 15 mm away from the heated end, which is
approximately the height of the flame at which
Mg alloy sample initially burns. A K-type thermo-
couple, connected to a data-acquisition system that
generates ten readings per second, was fixed at Q
region and used to record its initial temperature 7o
and ignition temperature Ti;. The sample was heated
by the butane gun with a heat flux of approximately
191 kW/m?, and the butane gun was rapidly
removed once the sample was ignited. For each
dimension of the alloy, the 7o and 7;, were the
averages of five tests, while the flame spread time ¢
was the average of ten tests. As shown in Fig. 2, the

average heat flux ¢{ was measured by a heat flux
sensor (CAPTEC, GD—B3—-200K) and recorded by
a data recorder (CAPTEC, HFM—8).

3.3 Characterization

The microstructures of alloys before and after
combustion tests were observed by an optical
microscope (OM, Zeiss Axio Observer Al). The
specimens for metallographic observation and
phase identification were cut from the extruded
plates and the extinguished samples longitudinally.
The metallographic specimens were ground,
polished and etched with 4% HNOs for 8 s before
characterization. The specimens were ground before
identifying phases by Rigaku X-ray diffraction with
a CuK, radiation source, a scanning speed of
2 (°)/min, a voltage of 40kV and a current of
30 mA. The density of each alloy was obtained
from an electronic balance (Sartorius Quintix124—
ICN) with a densimeter (YDKO3P), using the
Archimedes method.

4 Results and discussion

4.1 Ignition and combustion behavior

As shown in Fig. 3(a), the state of the ZMS5
alloy sample with a dimension of 3 mm % 20 mm X
100 mm during the fire process mainly includes:
oxidation, melting, ignition, spreading and dropping.
As shown in Fig. 3(a), in the ZMS5 alloy sample,
when the heating time was 10 s, the heated area
turned gray, which was a typical phenomenon of
oxidation. When the heating time was 37 s, some
solids were melted into liquids and pooled to form
a bulge at the lowest end of the sample. Under the
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Fig. 2 Schematic diagram of combustion test
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Fig. 3 Fire progresses of ZM5 (a), ZM6 (b) and WE43 (c) Mg alloy samples with dimension of 3 mm x 20 mm x

100 mm

influence of gravity, the ZM5 sample was easily
deformed due to the low flow stress at high
temperatures [27,28], causing the oxide film to
rupture. Then, the Mg vapor escaped and was
ignited, where the yellow flame was the direct
evidence of the combustion of Mg vapor. When the
ZM5 sample was ignited, the melted part locally
dropped off. Then, the flame stabilized and began
to heat the remaining unignited part. When the
remaining part was all ignited, the sample dropped,
that is, the flame spread ended at 145 s, as shown in
Fig. 3(a). Therefore, the flame spread time ¢ of this
ZMS alloy sample is 101 s.

As shown in Figs. 3(b, ¢), the fire processes of
the ZM6 and WE43 Mg alloy samples are basically
similar to those of the ZMS5 alloy sample. However,
there is no obvious deformation and local dropping

like the ZMS5 sample, because Mg—RE alloys have
better high-temperature mechanical properties. In
addition, the ignition time of the ZM6 sample is
longer than that of the ZM5 sample, and that of
the WE43 sample is the longest, which are all
associated with their dense oxide films [5,6,12,29].
As shown in Figs. 3(b, c¢), the flame spread time
values of the ZM6 and WE43 alloy samples with a
dimension of 3 mm x 20 mm x 100 mm are 97 and
63 s, respectively.

Figure 4 shows the temperature curves of the
three horizontally placed Mg alloy samples with a
dimension of 3 mm x 20 mm % 100 mm. It can be
seen that the ignition time values of the samples are
basically the same as those of the vertically fixed
samples shown in Fig. 3, which verifies that the
horizontal samples have the same ignition behavior
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Fig. 4 Temperature—time curves of (2 regions on
horizontal ZM5 (a), ZM6 (b) and WE43 (c) Mg alloy
samples with dimension of 3 mm x 20 mm % 100 mm

as the vertical samples. As shown in Fig. 4(a), in the
ZM5 alloy sample, the temperature of the 2 region
increases rapidly within 30 s, mainly because the
heated end was still in the solid state at this time,
and a lot of heat was conducted to the 2 region. As
shown in Fig. 3(a), the heated end was in the
melting stage at 37 s, which needed to absorb a
lot of heat, so most of the heat was used to melt
solid instead of being conducted to the 2 region.

Therefore, the temperature of the £ region
increased slowly during 35—45s. Since the heat
source was removed when ignition, the increase of
temperature significantly slowed for a short period
of time. As shown in Fig. 4(a), when the heated
end of the horizontal sample was ignited, the
initial temperature 7o of the ZMS5 alloy sample
with a dimension of 3 mm % 20 mm x 100 mm was
427.2 °C. Generally, the ignition releases a lot of
heat and causes the temperature to rise sharply, so
the inflection point of the temperature curve is the
ignition temperature [7]. Therefore, as shown in
Fig. 4(a), the corresponding ignition temperature T;,
of the ZM5 alloy sample with a dimension of
3 mm x 20 mm X 100 mm is 611.9 °C. Similarly, as
shown in Figs. 4(b, ¢), the initial temperatures 7o
and ignition temperatures 7Ti; of the ZM6 and
WEA43 alloy samples with a dimension of 3 mm X
20 mm X 100 mm are 554.6 and 608.2 °C, 689.2
and 726.3 °C, respectively.

As shown in Fig.5, some samples with
dimensions of 7.75 mm x 7.75 mm % 100 mm and
d8.74 mm x 100 mm were extinguished during the
combustion process, which achieved the purpose
of improving the flame spread resistance through
dimensional design. As shown in Figs. 5(a—c), the
flame of the sample with circular cross section is
difficult to ignite the remaining part, which causes
it easy to extinguish. In addition, if the semi-solid
or liquid part is not ignited by the flame in time, it
will drop and take away a lot of heat, making it
easier for the sample to extinguish. The dropping
phenomenon is common in the ZM5 alloy samples.
As shown in Fig. 5(d), the flames of four 7.75 mm x
7.75 mm x 100 mm and four d8.74 mm % 100 mm
ZMS alloy samples extinguished during their
combustion processes. As shown in Figs. 5(e, f), the
same phenomenon is also observed in the ZM6 and
WE43 samples. It is clear that the flame spread
resistance of the sample with circular cross-section
is the best due to the largest S/ ratio.

4.2 Microstructure affecting initial temperature

and ignition temperature

The phase stability affects the ignition
temperature, and usually, a high ignition
temperature is associated with high solidus and
liquidus of the alloy and high melting point
secondary phase [6]. As shown in Figs. 6(a—c), the
microstructures of the as-extruded ZM5, ZM6 and
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Fig. 5 Fire extinguishing processes of ZMS5 (a), ZM6 (b) and WE43 (c) alloy samples with dimension of
d8.74 mm x 100 mm, and ZM5 (d), ZM6 (e) and WE43 (f) samples extinguished during combustion progress

WEA43 alloys consist of equiaxed a-Mg grains and
some secondary phases, and the diameters of most
grains are between 50 pm and 100 um. According
to the solidification path shown in Fig. 6(d)
calculated by JMatPro 7.0 software based on the
Scheil’s model, both the solidus and liquidus of
the ZM5 alloy are low, which explains its lowest
ignition temperature. The AlsMns phase is formed
before the o-Mg, which mainly acts as the
heterogeneous nucleation substrate for a-Mg.
Therefore, the AlsMns particles are usually small
and locate inside the a-Mg grains. The Mgi;Al»
phase generates after the a-Mg and it usually
distributes along the grain boundary. Some of the
Mgi7Al;; was decomposed and dissolved into the
Mg matrix during solution treatment, so only part
of Mg7Al;z remained in the as-extruded micro-
structure, as shown in Fig. 6(a). As shown in Fig. 7,
according to the XRD results, there are indeed some
Mgi7Al; particles remaining in the as-extruded
microstructure of the ZMS5 alloy, while the AlsMns
is too little to be detected. Since the melting point
of the Mg 7Ali» phase is only 463.3 °C, its thermal
instability is also a factor leading to the low ignition
temperature of the ZMS5 alloy. As shown in Figs. 6
and 7, the situation in the ZM6 and WE43 Mg

alloys is similar to that of the ZM5 alloy, except
that their solidus and liquidus are higher, and their
secondary phases are more stable. Similarly, the Zr
phase is too little to be detected. The fractions of
the secondary phases in the as-extruded micro-
structures are smaller than those predicted by the
nonequilibrium solidification paths due to the
solution treatment, but the types of secondary
phases did not change according to the XRD results
shown in Fig. 7.

As shown in Fig. 4(a), the initial temperature
Ty of ZMS5 alloy sample is only 427.2 °C, which is
related to its low solidus affected by the low
melting point Mg;7Al;, phase. Since a lot of heat is
required in the melting process, the temperature of
the Q region will stay near the solidus for a long
time, which makes the temperature rise slowly
when the heated end is ignited. Similarly, the initial
temperature 7y of the ZM6 alloy sample is close to
its solidus temperature of 553.2 °C. Differently,
the ignition time of the WE43 alloy was much
longer, so more energy was provided to increase
the temperature of the Q region, resulting in a
significantly higher initial temperature. In addition,
the low ignition temperature of the ZMS5 alloy
is associated with its low liquidus. As shown in
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Fig. 7 XRD patterns of as-extruded ZMS, ZM6 and
WE43 Mg alloys

Figs. 4(a) and 6(d), the ignition temperature of
611.9 °C is close to the liquidus of 604.3 °C. Due to
the low flow stress at high temperatures [27,28],
the ZM5 alloy sample is easy to deform and drop
after melting. Therefore, when the temperature
approaches the liquidus, the Mg vapor will escape
from the ruptured oxide film and be ignited.
Differently, the ZM6 and WE43 alloys have
higher liquidus temperatures and denser oxide
films [7,11,30], so they need more Mg vapor to
rupture the oxide film and cause ignition, which
results in higher ignition temperatures.

4.3 Microstructure evolution
Figure 8 shows the microstructures of the
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Fig. 8 Microstructures of extinguished ZM5 (a—c), ZM6 (d—f) and WE43 (g—i) alloy samples with dimension of
d8.74 mm x 100 mm at different locations

extinguished samples at different positions, which
are used to understand the evolution of the
microstructure during combustion. As shown in
Figs. 8(a, d, g), microstructures of extinguished
ends of the three Mg alloy samples are typical
nonequilibrium  solidification =~ microstructures,
which are mainly composed of dendritic a-Mg
matrix and intergranular secondary phases. Since
the extinguished end was heated to liquid state by
the flame and then resolidified to solid state, its
microstructure is consistent with that predicted by
the solidification path shown in Fig. 6. According to
the XRD results shown in Fig.9, the main
secondary phase in the ZMS alloy is Mgi7Ali,
while the AlsMns phase is difficult to be detected
due to its low fraction. In the ZM6 alloy, the
main secondary phases are Mg;;Nd and Mg Nds.

In the WE43 alloy, the main secondary phases
are MgxYs and MgsNds. Similarly, the Zr phase
in the ZM6 and WE43 alloys is too little to be
detected.

As shown in Figs. 8(b, e, h), there is a typical
overheating phenomenon in the microstructures at
the edge of the deformed areas of the Mg alloy
samples, that is, the widened grain boundary. Under
the heating of the flame, the grain boundary was
melted first due to the enrichment of solutes or
low-melting secondary phases, and the liquid
resolidified and leaded to the widened grain
boundary after the flame was extinguished. As for
the microstructures away from the extinguished
ends, as shown in Figs. 8(c, f, 1), they are less
affected by the flame and basically the same as the
original as-extruded microstructures.
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4.4 Validation of criterion

The Ty, Ti; and ¢ of all samples were obtained
and presented in Tables 2 and 3, where only
unextinguished samples were considered when
calculating the average flame spread time. It should
be noted that, the combustion behaviors of the
three Mg alloys in the present work are basically
the same. Therefore, 7y and Tj, values measured
for each alloy are basically the same, and then
the average values were used for discussion; in
addition, the measured ¢{ and Jr values for three
Mg alloy samples are very close, approximately
85 kW/m? and 15 mm, respectively. As shown in
Table 2, due to the large temperature difference
between Ty and Tig, the AH value of the ZM5 alloy
is the largest, which results in the largest C value.
Therefore, as for samples with the same dimension,
the ZM5 alloy has the longest flame spread time, as
given in Table 3.

As shown in Fig. 10(a), enthalpy—temperature
curves were calculated by JMatPro 7.0 software to
obtain the AH. Figure 10(b) indicates that the
sample with circular cross-section has the largest
S/l ratio and the largest flame spread time for each

Table 2 Parameters for predicting flame spread time

Alloy (g~fr;3) Ty°C  Ty/°C (JA,:/I) (S.rfr/n])
ZMS 1795 4279 6139 5202 732
ZM6 1781 5565 687.6 4778  66.7
WE43 1813 6101 7299 3429 488

Table 3 S/I. value and average flame spread time ¢ for
each sample

(S/1)/ 1/s
mm 7M5  ZM6 WE43

3mmx20mm x 100 mm 1.30 98 95 63
Smm x 12mm x 100 mm 1.76 124 115 85

7.75 mm x
7.75 mm X 100 mm

d8.74mm x 100 mm 2.19 156 144 116

Dimension

1.94 145 136 103

Mg alloy. In addition, since the WE43 alloy has the
best ignition-proof resistance [7], its ignition time is
the longest, as shown in Figs. 3(c) and 4(c), which
leads to the highest initial temperature 7o, the
smallest C value, and the shortest flame spread time
t. As shown in Fig. 10(c), the flame spread time ¢
has a good proportional relationship with the S/
ratio, which is consistent with the predictions. As
shown in Figs. 10(d—f), the measured values of the
flame spread time are close to the predicted values,
and the errors are within 10%. Therefore, for
different Mg alloys, the difference is mainly
reflected in the C wvalue; for samples of the
same alloy, the difference is mainly reflected in
the §/I. ratio. Compared with the sample with a
dimension of 3 mm X 20 mm x 100 mm, through
the dimensional optimization, the flame spread time
values of the ZMS5, ZM6 and WE43 samples with a
dimension of d8.74 mm x 100 mm were delayed by
59.2%, 51.6% and 84.1%, respectively, and even
the effect of flame extinguishing was achieved.

5 Conclusions

(1) This criterion indicates that the flame
spread time of Mg alloys is mainly related to the
material and sample dimension: the material affects
the AH, and the sample dimension determines the
S/l ratio.

(2) The initial temperature and ignition
temperature of the ZMS5 alloy are much lower than
those of the ZM6 and WE43 alloys, due to its low
solidus and liquidus.

(3) The sample with circular cross-section has
better flame spread resistance than that with
rectangular cross-section. Under the guidance of
this criterion, it is possible to delay the flame spread
time by at least 51.6% and even extinguish the
flame through dimensional optimization.
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Fig. 10 Enthalpy—temperature curves calculated by JMatPro 7.0 software (a); Average flame spread time and S// ratio
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predicted and experimental values in ZM5 (d), ZM6 (e) and WE43 (f) alloys
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