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Ex situ measurement of strain associated with hot
tearing in AZ91D and AE42 magnesium alloys
using neutron diffraction 1

L. Bichler, C. Ravindran, and D. Sediako

Abstract: Prevention of hot tearing during casting or welding of commercial alloys remains a challenge for numerous in-
dustrial applications. The tendency of an alloy to tear is related to the alloy’s microstructure, solidification rate, and the
stress/strain conditions it experiences during solidification. Due to technological challenges in performing accurate and re-
liable measurements, there remains a paucity of quantitative experimental data on the stress/strain conditions associated
with the onset of hot hearing. This paper reports on a novel approach to quantify strain at the onset of hot tearing in two
magnesium alloys. Neutron diffraction strain mapping was carried out and revealed that in the case of the AZ91D alloy,
tensile strain of ~0.05% was associated with initiation of material’s plastic damage and hot tearing, while for the AE42
alloy the critical strain was ~0.09%.

PACS No: 61.05.fg

Résumé : La prévention de la fissuration a chaud lors de la coulée ou du soudage d’alliages métalliques demeure un défi
dans beaucoup d’applications industrielles. La tendance d’un alliage a se déchirer est reliée a la microstructure de 1’alliage,
au taux de solidification et aux conditions de contrainte et de déformation pendant la solidification. A cause des limitations
technologiques actuelles, il est difficile d’obtenir des mesures précises et fiables des conditions de contrainte et déforma-
tion associées au début de la fissuration a chaud. Nous présentons ici une nouvelle approche pour quantifier la déformation
au début de la fissuration a chaud dans deux alliages de magnésium. Une cartographie des déformations, obtenue par dif-
fraction de neutrons, révele que dans le cas de 1’alliage AZ91D, une déformation sous traction de ~0,05 % est associée
au début du dommage plastique et de la fissuration a chaud, alors que pour I’alliage AE42, la déformation critique est de

~0,09 %.

[Traduit par la Rédaction]

1. Introduction

Hot tears are cracks forming in a semi-solid alloy prior to
its complete solidification. These cracks may be observed on
the casting surface or in the casting interior [1]. Hot tearing
has been observed in many engineering materials including
steels, aluminum and magnesium alloys. Hot tears form
when a casting is in a semi-solid state and experiences sig-
nificant thermal and mechanical tensile stresses. Thermal
stresses result from a non-uniform temperature distribution
leading to non-uniform solidification shrinkage and thermal
contraction of a casting upon solidification. Mechanical
stresses develop when a casting solidifies within a rigid
mold, which limits the casting’s solidification shrinkage and
thermal contraction.

Reviews of hot tearing theories, evaluation methods, and
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predictive models based on empirical evidence are available
in the literature [2-5]. These and other research investiga-
tions identified stress/strain, alloy microstructure, and solid-
ification of a given alloy as the key parameters affecting the
onset of hot tearing. Theoretical criterion functions based on
these three parameters were developed with the aim of pre-
dicting the onset of hot tearing [6]. Quantification of alloy
microstructure and solidification history attained high levels
of sophistication. However, currently available methods to
evaluate casting stress or strain involve intrusive probes
(which alter the casting solidification profile) or indirect es-
timation. Similarly, modelling of the mechanical response of
a casting at the onset of hot tearing using computer simula-
tion software remains difficult because of incomplete knowl-
edge of a material’s thermo-mechanical response at elevated
temperatures. As a result, prediction of the onset of hot tear-
ing is hindered by the absence of accurate and quantitative
data about the stress and strain levels required to trigger hot
tearing.

In this research, a novel and non-intrusive approach to
quantify casting solidification strains at the onset of hot tear-
ing was investigated. Neutron diffraction strain mapping was
used to measure the elastic strain levels associated with the
onset of hot tearing in two magnesium alloys. The AZ91D
and AE42 magnesium alloys exhibit unique castability and
solidification behaviour. The AZ91D alloy with its
~ 170 °C freezing range is typically easy to cast. However,
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Fig. 1. Permanent mold used to evaluate hot tearing susceptibility.
Dimensions are in mm.

Critical casting region with hot tears
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the long freezing range indicates that the alloy exists in a
semi-solid stage for a long period of time. This may become
important if dendrite coherency is reached at early stages of
solidification, since subsequent interdendritic feeding be-
comes difficult and the formation of interdendritic shrinkage
porosity and hot tears is likely. In the case of the AE42 al-
loy, which solidifies rapidly (~35 °C freezing range), only
minimal shrinkage porosity is typically observed. However,
the AE42 alloy contains numerous intermetallic compounds,
which form above the liquidus temperature of o—Mg
(625 °C). These intermetallic compounds segregate at the
solidifying metal front and in the interdendritic regions. As
a result, the hard and brittle intermetallics may decrease the
AE42’s ductility and increase its susceptibility to hot tear-
ing. The difference in the magnitude of the freezing range
of the two alloys also affects the rate of fraction of solids
development driven by evolution of temperature gradients
in the solidifying casting. In the permanent mold casting
process, significant thermal gradients develop near the mold
wall, resulting in concomitant evolution of fraction of solid
gradients. Thus, in the AE42 alloy, significant thermal strain
gradients may also contribute to the initiation of material
failure. As a result, it was of interest to study and quantify
the strain in AZ91D and AE42 castings associated with the
onset of hot tearing in the two industrially relevant alloys.

2. Experimental procedure

To determine the casting process parameters correspond-
ing to the onset of hot tearing, a series of trial and error ex-
periments were performed. The objective was to manipulate
the pouring and mold temperatures to produce castings with
distinct degrees of hot tearing. For experiments with the
AZ91D alloy, pouring temperatures from 680-720 °C and
mold temperatures from 140-395 °C were investigated. In
the case of the AE42 alloy, pouring temperatures below
720 °C resulted in the formation of hot tears for the entire
available mold temperature range (room temperature to
395 °C). Therefore, the pouring temperature was systemati-
cally increased to reduce the casting cooling rate and pre-
vent formation of hot tears. Castings were made at pouring
temperatures of 720, 740, 760, and 765 °C and various
mold temperatures.

The H-13 steel mold used in the experiments consisted of
a downsprue and a 260 mm long horizontal bar with an end
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restraint, as shown in Fig. 1. The horizontal bar’s cross sec-
tion was 20 mm x 20 mm. The composition of the AZ91D
and AE42 alloys was verified with an emission spectrometer
and is provided in Tables 1 and 2, respectively.

These systematic experiments demonstrated that the onset
of hot tearing for the AZ91D alloy occurred at 720 °C pour-
ing temperature and between 210 °C and 250 °C mold tem-
peratures. In the case of the AE42 alloy, the onset of hot
tearing occurred at 765 °C pouring temperature and mold
temperatures between 340 and 390 °C. When hot tears
formed, they were located near the 90° corner in the proxim-
ity of the junction of the horizontal bar and the downsprue,
as illustrated in Fig. 2. For the four casting conditions at the
onset of hot tearing, three castings were produced at each
mold temperature to verify repeatability of the hot tear se-
verity.

Neutron diffraction (ND) strain mapping was performed
at the Canadian Neutron Beam Centre in Chalk River, Can-
ada. Elastic residual strain was measured along four line-
scans, as illustrated in Fig. 3. The experiments were carried
out with a monochromatic beam of neutrons (A = 2.371 A),
and a first-order diffraction (n = 1) analysis was performed.
Using Bragg’s law, the lattice spacing, dj,, of the crystallo-
graphic planes of interest at a given location was deter-
mined. The (kkl) planes of interest were the prismatic (100),
basal (001), and two pyramidal (101) and (102) planes. A
reference stress-free sample was obtained from the down-
sprue of the casting. The downsprue was free to contract
(under very slow cooling) and thus contained minimal resid-
ual strain. Further, by machining the stress-free sample to
3 mm X 3 mm x 20 mm size, remaining residual strains
were relieved. Using this sample, the stress-free lattice spac-
ing d, ; was determined. The elastic lattice strain €j;; was
calculated using the peak-shift method.

3. Results and discussion

Residual strain in the x-direction (¢,) was seen to play a
significant role on the evolution of hot tears in the critical
regions of both alloy castings. Evolution of €, was the result
of the axial contraction of the horizontal bar between the an-
chor and the downsprue. The development of €, and €, was
discussed elsewhere [7]. Also, the determination of residual
stresses using residual strains has been reported earlier [8,
9]. This paper focuses on a comprehensive comparison of
strain evolution in two industrially relevant magnesium al-
loys at the onset of hot tearing.

3.1 AZ91D casting at 210 °C mold temperature

The ND measurements indicate that significant tensile re-
sidual strain developed for the (100) and (001) reflections,
as observed in Fig. 4. In the case of the pyramidal (101)
and (102) reflections, mixed strain values were observed.

These later two reflections exhibited a significant strain
discontinuity in the critical region (-10 < x < 10 mm), as
illustrated in Fig. 5a. For all three horizontal linescans (i.e.,
top edge, centerline, and bottom edge), tensile strain was ob-
served in the downsprue (x < O mm) for (101) and (102) re-
flections. The tensile €, was relieved near the 90° corner.
The relaxation of €, at this location was likely the result of
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Table 1. Composition of AZ91D alloy (wt%).

77

Mg Al Zn Mn Si Cu Fe Ni Be

90.53 8.61 0.60 0.23 0.017 0.003 0.0038 0.0014 0.0012
Table 2. Composition of AE42 alloy (wt%).
Mg Zn Al Cu Mn Ni Be Ce La Nd Pr
93.69 0.01 3.65 0.002 0.36 0.0002 0.0006 1.3875 0.6858 0.4301 0.1407

Fig. 2. Hot tears forming at 90° corners of the junction between the

horizontal bar and the downsprue (AZ91D alloy, 720 °C pouring
temperature, 180 °C mold temperature).

Fig. 3. Location of linescans.
L
x

Top edge scan
Cross-scan

Bottom edge scan

T 1
x=0mm =120 mm

“x-direction

plastic damage associated with porosity formation or hot
tearing.

The average strain values for the three linescans provide
information about the general deformation of the horizontal
bar during solidification. The bottom edge of the horizontal
bar was in relative tension with respect to the top edge of
the horizontal bar. This result was related to the expected
filling sequence of the horizontal bar: the bar filled from
the bottom edge upwards, with the top edge being the last
area to fill. During filling of the horizontal bar, the alloy in
contact with the relatively cool mold at the bottom edge
started to solidify and formed a thin skin. As the bottom
edge skin cooled, it began to contract. As it contracted, it
compressed adjacent centerline regions of the casting. To
maintain force equilibrium, the centerline regions resisted
the compression of the bottom edge and thereby induced
tensile strain in the bottom edge. This process repeated
again for the solidifying centerline region and the top edge.
As a result, the bottom edge developed relatively highest
tensile strain. In contrast, the top edge of the horizontal bar
was the last area to solidify and was allowed to deform the
longest, thus locally relieving some of the developing resid-
ual strains. Further, observing the strain variance also sug-
gests that the top edge of the horizontal bar solidified with

Fig. 4. Average strain and strain variance for AZ91D casting at
210 °C mold temperature.
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high strain variation (i.e., strain gradients) in comparison
with the centerline or bottom edge, which is also in agree-
ment with the expected mold filling profile.

Observing the €, profiles for the bottom edge in Fig. 5b, it
was noted that only a minor discontinuity in strain magni-
tude was observed near the bottom edge 90° corner (in com-
parison with the top edge profile in Fig. 5a). The improved
strain homogeneity along the bottom edge suggests that the
unrestrained contraction of the bottom portion of the down-
sprue (i.e., below the horizontal bar) possibly reduced the
effect of the strain concentration at the bottom 90° corner.
In contrast, the strains near the top edge 90° corner were in-
tensified by the restrained axial contraction of the down-
sprue between the horizontal bar and a pouring cup located
on top of the downsprue.

The strain intensification at the top edge 90° corner was
examined in detail using strain measurements along the
downsprue cross-scan. The €, profile in Fig. 6 shows that
significant tension evolved in the sprue, and that axial con-
traction of the horizontal bar influenced material deforma-
tion well into the downsprue. Further, it was observed that
the effect of x-direction contraction of the horizontal bar
was not symmetrical across the —20 < y < 0 mm region. As
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Fig. 5. €, profile for top and bottom edge linescans. Reflection: (102).

Can. J. Phys. Vol. 88, 2010
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Fig. 6. €, profile for (101) sprue cross-scan in AZ91D casting at
210 °C mold temperature.

{b) Bottom edge.

Fig. 7. Average strain and strain variance for AZ91D casting at
250 °C mold temperature.
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can be observed in Fig. 6, the tensile peak of the strain pro-
file shifted towards the top edge corner. This shift was likely
promoted by the free contraction of the bottom trap of the
downsprue (resulting in relaxation of strain near the bottom
edge 90° corner). Thus, it follows that the top edge 90° cor-
ner was highly susceptible to nucleate hot tears. These
measurements are supported by empirical observation of hot
tears on the castings.

Analysis of the average strain values for individual crys-
tallographic reflections revealed additional information
about the deformation of the matrix HCP crystals. It can be
shown that a tension for (001) planes (c-axis extension)
should result in (100) compression and (101) and (102) ten-
sion. Observing the results in Fig. 4, tension for the (001)
basal planes did not result in compression of (100) or (101)
planes, suggesting that plastic crystal deformation possibly
occurred. As porosity formation and hot tearing are associ-
ated with plastic material deformation, it is thus possible
that formation of these defects may have dissipated some of
the strain energy of the HCP crystals.

3.2 AZ91D casting at 250 °C mold temperature
Analysis of the results revealed that increasing the mold
temperature from 210 to 250 °C resulted in only a marginal
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(b) Strain variance.

decrease of the average €, residual strain, but in a significant
decrease of the strain variance (especially along the top
edge), as observed in Fig. 7. This observation indicates that
both castings (210 and 250 °C mold temperatures) had to
contract by approximately the same amount during cooling
to room temperature; thus, their bulk (total) average strain
was similar. However, increasing the mold temperature ho-
mogenized the temperature and strain distribution, resulting
in the reduction of €, strain gradients along the horizontal
bar.

The decrease of strain gradients was particularly evident
for the (101) and (102) reflections, as illustrated in Fig. 8.
In the case of a casting with a hot tear, the €, strain in the
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Fig. 8. €, profile for (101) top edge linescan in AZ91D castings.
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Fig. 9. Average strain and strain variance for AE42 casting at
340 °C mold temperature.
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sprue region was 0.000514 mm/mm (tensile). Strains were
relieved in the area of the crack, as indicated by a drop in
the strain profile in Fig. 8a. The ¢, in the horizontal bar to
right of the 90° junction was tensile 0.000 182 mm/mm (lo-
cations: 15-20 mm). In the case of a casting without a hot
tear, the €, strain in the downsprue was also tensile
0.000441 mm/mm. However, contrary to the cracked cast-
ing, the region to the right of the 90° junction possessed
compressive €, strain of 0.000 113 mm/mm. The strains in
the 250 °C mold temperature casting became tensile only
far away from the 90° junction.

This difference in the €, strain profile at the top edge 90°
corner was related to the feeding of the casting. At high

{b) 250 °C mold temperature.

mold temperatures, interdendritic liquid feeding was possi-
ble for a longer period of time. Thus, the axial contraction
of the horizontal bar was compensated by incoming liquid
metal feed from the downsprue, and the developing strains
were continuously alleviated. However, for the low mold
temperature casting, the horizontal bar solidified and con-
tracted without adequate compensation by liquid metal, and
tensile strains developed. Increasing the mold temperature
decreased the strain gradients and made the casting deforma-
tion more homogeneous. These factors, along with direc-
tional solidification, likely decreased formation of local
stress concentrations along the horizontal bar and decreased
the susceptibility of the 250 °C mold temperature casting to
initiate hot tears.

3.3 AE42 casting at 340 °C mold temperature

The average strain and variance values for the AE42 cast-
ing made at 340 °C mold temperature are presented in
Fig. 9. Unlike the case of the AZ91D castings, evolution of
significant tensile or compressive strains along the horizon-
tal bar (i.e., in the x-direction) was not observed, as Fig. 10a
illustrates. In particular, the strain in the critical region did
not show elevated tension or relaxation at the 90° corners,
as was observed in the AZ91D castings (e.g., Fig. 8). The
reduced effect of axial contraction was further confirmed
by analyzing the sprue cross-scan results in Fig. 100.
There was only minimal increase of €, in the critical region
—20 <y < 0 mm. Thus, possibly due to the fast solidification
of the AE42 alloy, complex residual strain profiles did not
have sufficient time to develop.

Observing the average strain values in Fig. 9a, reflections
(100), (101), and (102) evolved compressive residual strain,
while basal (001) planes carried significant tensile strain.
Thus, plastic deformation of the HCP crystal occurred, sim-
ilarly as in the case of AZ91D castings.

The strain variance results in Fig. 95 suggest that the bot-
tom edge of the casting had elevated strain non-uniformity
in comparison with the centerline or top edge. Evolution of
the strain gradients along the bottom edge was possibly re-
lated to the rapid solidification of the alloy upon contact
with the mold (i.e., presence of a thermal shock). Melt tem-
perature variation during mold filling of the bottom edge in
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Fig. 10. ¢, profile for (101) reflection for AE42 casting at 340 °C mold temperature.
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Fig. 11. Average strain and strain variance for AE42 casting at
390 °C mold temperature.
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conjunction with the short freezing range of the alloy re-
sulted in inhomogeneous fraction of solids and strain gra-
dient evolution. Comparing the magnitude of the €, strain
variance in Fig. 9b with that of the AZ91D alloy (e.g., Fig,
4b or Fig. 7b), it is apparent that the AE42 alloy solidified
more uniformly. That is, because of the rapid hoop solidifi-
cation of the AE42 casting, axial €, strain profiles did not
have sufficient time to develop.

3.4 AE42 casting at 390 °C mold temperature

The average strain and strain variance results are pre-
sented in Fig. 11. Comparison of Fig. 9a and Fig. 11a re-
veals that increasing the mold temperature marginally
decreased the €, tension in the horizontal bar of the 390 °C

{b) Sprue cross-scan.

mold temperature casting. This trend was expected, as
slower casting solidification enabled interdendritic liquid
feeding to accommodate solidification shrinkage, resulting
in a decrease of residual strain. Specifically, comparing
Fig. 9 with Fig. 11, it appears that the (001) tension de-
creased when the mold temperature increased. Considering
the average strain for the entire horizontal bar’s cross-sec-
tion (i.e., including bottom edge, centerline, and top edge),
increasing the mold temperature decreased the average strain
from 8.56 x 107 mm/mm to 6.66 x 107 mm/mm, a 28.5%
decrease.

Fig. 11b suggests that with slower casting solidification,
the material was allowed to develop localized axial strain
gradients, which resulted in increased axial strain variance
in comparison with the 340 °C casting. This trend was
unique to the AE42 alloy and was contrary to that observed
for the AZ91D alloy.

Similarly, as in the case of a casting made at 340 °C
mold temperature, the cross-scan in the downsprue did not
indicate a significant variation in the critical region (i.e.,
—20 <y < 0 mm). Thus in general, the effect of the horizon-
tal bar’s axial contraction did not extend deep into the
downsprue.

The effect of linear thermal contraction on the residual
strains measured with ND was also examined. A detailed
analysis is presented elsewhere [7]. The results indicate that
cooling of the casting from the solidus temperature to the
room temperature (at which ND was performed) possibly in-
troduced a maximum measurement error in the reported
strain values of ~11%. This maximum error was deemed
acceptable and the reported ND results provide meaningful
information previously unavailable.

4. Conclusions

The results of this study indicate that the hot tearing sus-
ceptibility of permanent mold cast AZ91D and AE42 mag-
nesium alloys can be manipulated by suitably adjusting the
mold temperature. For an AZ91D alloy poured at 720 °C,
the onset of hot tearing occurred between 210 and 250 °C
mold temperatures. For an AE42 alloy poured at 765 °C,
the onset of hot tearing occurred between 340 and 390 °C
mold temperatures.
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The fundamental mechanisms associated with the onset of
hot tearing in the two magnesium alloys were identified as
follows.

4.1 AZ91D alloy

Nucleation of microcracks occurred at a stress concentra-
tion (90° corners of the junction of the horizontal bar and
the downsprue). Thermal contraction of the casting and evo-
lution of shrinkage porosity increased the tensile strain in
the critical region. This tensile strain increased the local
strain condition beyond the yield strength of the semisolid
alloy. Subsequently, formation of shrinkage porosity was
followed by the nucleation and propagation of a hot tear.
As the mold temperature increased, the size of the interden-
dritic feeding paths increased and long-range interdendritic
feeding of the casting improved. Thus, feeding compensated
the casting’s volumetric contraction and decreased the mag-
nitude of tensile strains in the critical region of the casting.

Development of tensile €, strain along the horizontal bar
was measured with ND for both AZ91D castings. The e,
and e, strains remained compressive. The magnitude of the
tensile €, strain only marginally decreased with an increase
of the mold temperature. The increase of the mold temper-
ature, however, significantly improved strain homogeneity
in the critical region, thereby reducing the detrimental effect
of the 90° stress concentration on material failure. As a re-
sult, the susceptibility to hot tearing in the AZ91D alloy de-
creased with increasing mold temperature.

4.2 AE42 alloy

Hot tears nucleated at the 90° corners of the casting and
propagated in the direction of the maximum stress gradient.
When hot tears formed, the tensile strain at the 90° corner
reached 0.0009 mm/mm. As the mold temperature increased,
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the permeability of the interdendritic regions improved. As a
result, the tensile residual strain decreased to 0.0007 mm/mm.
In the AE42 alloy, shrinkage porosity was not observed to
play a fundamental role on hot tearing. Instead, the rate of
solidification shrinkage and thermal contraction appeared to
influence formation of hot tears.
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