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Formability StudieS on magneSium baSed aZ31b alloy Sheet in lS dyna Program Code 

Magnesium alloys has potential applications in aerospace and automotive industries as they are having good formability. Mate-
rial properties like yield strength, ductility, have direct influence on material’s formability and product quality. at high temperature 
applications like aeroengine and steam engine, finding these properties are very crucial. For this purpose, uni-axial tension tests are 
performed at high temperatures on aZ31B magnesium alloy sheet to evaluate material formability properties. Finite element-based 
simulations have also been carried in ls dyna program code. the output of the simulation is to find effective stresses and effec-
tive plastic strains. For this purpose, tresca and Von Mises yielding conditions are utilized. these stresses are crucial in predicting 
and evaluating the forming limits of the material before necking. the results obtained from simulation code are consistent with 
experimental observations. an attempt has been made to predict formability by machine learning models. Random Forest shows the 
better model in predicting the formability. it has been concluded that the machine learning and dyna code predictions has greatly 
minimises the physical experimentation.
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1. introduction

Magnesium alloys are good in formability and light in 
weight. these properties are very attractive to the aerospace and 
automotive industries today. additional features like rich avail-
ability in the earth’s crust, emission-free, good machinability, 
and weldability, recyclability, etc., are added advantages of the 
magnesium alloys. the lightness of magnesium alloys results in 
fuel economy, a demanding feature in the aircraft and automotive 
industries. Other companies, laptop and smartphone makers are 
also looking for lightweight materials with just the right amount 
of strength. the good formability of magnesium alloys at high 
temperatures makes them suitable for the manufacture of many 
complex automotive and aircraft engine parts [1]. Magnesium 
welding has gained momentum and magnesium alloys have 
been used in large quantities in the automobile industry. high 
temperature tensile tests are performed on magnesium aZ31B al-
loy sheet to measure material formability in terms of elongation, 
yield strength, etc. the literature on machine learning models, 
to predict the formability of magnesium, is not sufficiently reg-
istered. present work is thus concerned with the investigation 
of the same and built four different machine learning models.

2. materials and methods

Forming basically changing the shape and size of a solid 
preform raw material such as ingots, billets, plates, slabs, and 
sheets by plastic deformation. Bulk forming methods such as 
rolling, forging, extrusion, drawing, sheet forming methods 
such as cup drawing, blanking, punching, etc. are used for this 
forming. Magnesium based aZ31B alloy sheet is employed in 
this work, to perform uniaxial stretching, which is commonly 
used sheet metal forming operation [2].

2.1. uni axial stretching – working modes

tension test, a very common mechanical test which take 
a test piece and stretches it along its length [3]. it is a uniaxial test, 
meaning that it applies a load in one direction only [4]. during 
the test, the test machine measures the applied load, and change 
in length of the test piece. the main output from the tensile test is 
the stress-strain curve, which describes the material’s mechani-
cal behaviour. when metals deform plastically at temperatures 
below their recrystallization temperatures, they are said to be cold 
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worked. at this recrystallisation temperature the deformed and 
strained grains become strain free, equiaxed or spherical. in cold 
working strain hardening takes place but in hot working grain 
refinement happens. Because of this fact, cold worked products 
exhibit good strength, hardness but poor ductility. ductility is 
a prime parameter that influence material’s formability, ability 
to form into desired shape [5]. good quality formed components 
are having huge demand in aero and automotive industries. 
to improve ductility, it is preferable to plastically deform the 
material above recrystallization temperature at the expense of 
strength and hardness. to achieve good plastic deformation, the 
requirements are less load and high amount of ductility. For this 
purpose, temperature of work piece before any forming method 
must be raised. ductility plays vital role in material formability 
and measured commonly in percent elongation [6]. Magnesium 
aZ31B alloy possess moderate strength and poor ductility at 
room temperature. hence high temperature tension tests are im-
portant to predict the material properties like stresses and strains, 
and ductility, in such high temperature applications. tensile tests 
are mainly performed to determine the effect of strain on strength. 
torsion, compression, and bulge tests are sometimes used, but a 
tensile test is simpler and more commonly used.

2.2. experimentation

high temperature tensile tests are performed on aZ31B 
magnesium alloy sheet of 2 mm thickness to evaluate the strength 
of materials for high temperature applications. For this purpose, 
dog bone specimens are prepared from commercial sheet metal 
of 600×900 mm. a total of 36 different experiments are con-
ducted, by taking four different test temperatures (24, 200, 250 
and 300°C) and three strain rates (0.1, 0.01 and 0.001 mm/s).

schematic of uni-axial tensile stretching using hot forming 
machine is shown in Fig. 1.

generally, in a tensile test, the stain rate is in the range of 
10–1/sec to 10–3/sec, and the temperature is in between 18 and 
250°C. temperature and stress rate influence the test results [7].

tensile specimens are prepared in subsize astM-e8 using 
a wire-cut edM process along three directions with respect to 
the manufacturing or rolling directions (Rd), as shown in Fig. 2.

after measuring specimen dimensions and marking gauge 
length, then pin the specimen into the fixing dies which will be 
used to attach the specimen to the tensile machine. thermocouples 
are then connected to the specimen to allow the temperature and 
temperature gradient to be monitored during the test. the speci-
men has now been loaded into the tensile frame and using com-
puter-controlled furnace heated up to the specified temperature. 
Ceramic wool is used in the hot furnace to prevent the heat losses. 

soaking time of 10-20 minutes allowed before applying 
load. a slight pre-load is applied about 1 kn. the load and strain 
are recorded by the computer data acquisition system as the load is 
increased until the specimen yields or breaks. Once the specimen 
breaks the furnace is opened and the specimen is removed and 
allowed to cool. the specimen is then measured for thickness to 

calculate reduction of area, and for gauge length to calculate the 
elongation. the ultimate or highest load is recorded and the load 
at yield are divided by the original cross-sectional area to calcu-
late stresses. experimental plan and percent elongation values 
calculated by the computer daQ system, listed in the taBle 1.

percent elongation, which is a measurement of the amount 
a material will plastically and elastically deform up to fracture 
[8]. Compare the final length of the material with the original 
length to determine elongation and ductility of the material.

the higher the ductility, the higher the formability [9]. 
Care must be taken to input sheet cross section and gauge length 
before starting the experiment to get the accurate results. Other 
data like time, load, engineering stress-strain values, can be ob-
tained from the computer software. however, true stress-strain 
values are generally given as input to the dyna code. Origin-pro 
software is used to analyse big experimental data and create true 
stress-strain curves shown in Fig. 3 and Fig. 4.

Fig. 1. schematic of hot tensile equipment

Fig. 2. specimen coupons
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Fig. 3. (a) true stress-strain curve

Fig. 3. (b) trues tress-strain curve

Fig. 3. (c) true stress-strain curve

Fig. 4. (a) true stress-strain curve

Fig. 4. (b) true stress-strain curve

Fig. 4. (c) true stress-strain curve

2.3. high temperature applications

elevated temperature meaning operating temperatures 
more than half the melting temperature of the material. at these 
temperatures, properties like creep resistance, and stable micro-
structure, oxidation, and corrosion resistance etc., are consid-
ered as most important attributes. Other properties like density, 
modulus etc. are important as in case of aircraft and reliability 
of many years as needed in case of ground-based applications 
like power plants, road transport. thus, it’s important to focus 

taBle 1
experimental results of elongation values in percentage  

under different test conditions

no. of 
experi-
ments

grain 
orientation

Strain 
rate, 
mm/s

elongation, %

24°C 200°C 250°C 300°C

1-4 along Rd 0.1/s 16 20.2 26 30
5-8 along Rd 0.01/s 22 32 22 24

9-12 along Rd 0.001/s 24 21.2 26 22
13-16 45° to Rd 0.1/s 11.2 18.6 34 24
17-20 45° to Rd 0.01/s 11.6 31 30 20
21-24 45° to Rd 0.001/s 14.8 28 18 18
25-28 90° to Rd 0.1/s 12.4 17.6 28 30
29-32 90° to Rd 0.01/s 13.6 27.2 22 24
33-36 90° to Rd 0.001/s 12 28.4 22 20
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on the mechanical properties of high strength materials at el-
evated temperatures. here the three laws of thermodynamics 
apply. energy conservation, attaining high temperatures, and 
it is not possible to attain absolute zero temperature. if achieved 
10% improvement in the system efficiency then it’s possible to 
achieve in one stroke all the requirements of legal agreements, 
for example, CO2 emissions. this was the big area of develop-
ments and research concern in present day scenario.

Operating conditions of aeroengine and power plant turbine 
listed in the taBle 2. the components need to withstand such 
huge temperatures and low pressures as in aero engine. parts are 
subjected to high temperatures and pressures as well as in power 
plant. though the pressures 10 Mpa and 100 Mpa are seemed 
to be low, but at high temperatures these pressures produce very 
high stresses. Most of the turbine blades that go into the jet engine 
which are in the hot region of the engine has coatings. no coat-
ings are applied as the steam engine components are relatively 
larger. gas engine turbine blades use forced cooling through the 
channels inside the blades, though it reduces efficiency. these 
operating conditions are different and demand different kinds of 
metallurgical and engineering technologies. aero engine parts 
are designed for a life order of 104 hrs. or close to one year, but 
the parts of a stream power plant designed in such a that they 
could sustain at least for a period of 25-30 years. For example, 
improving strength of power plant pipes by inventing newer 
materials is good, but reduction of their weight pipes and their 
huge support structure is also important, because stresses asso-
ciated with these huge structural weights are very large. there 
are lot big advantages to making stronger and lighter materials 
which can survive at higher temperatures. aZ31B magnesium 
alloy, for example, is both the strong and light in weight. hot 
tensile test investigates the few mechanical properties that are 
essential in such high temperature working conditions. inves-
tigation of stable lattice structure, creep and yield strength and 
ultimate tensile strength, and elongation are the outcomes of 
the experiment. simulated data are in good agreement with the 
experimental results.

taBle 2

Operating conditions of aeroengine and power plant turbine

Property gas turbine Steam turbine
temperature >10000C 600-7000C

pressure 3-4 bar 350-400 bar
design life 1-2 years 20-30 years

stresses 10 Mpa 100 Mpa
Coating yes no

Forced cooling yes no
single crystal yes no 

an attempt has been made to perform fracture analysis on 
four broken specimens tested at room temperature to 300°C to 
predict whether the failure associated with ductile or brittle. Frac-
tographs of the experimental alloy tested at room temperature 
and elevated temperature are shown in Figs. 5-8.

(a) Rt01 (b) Rt04
Fig. 5. Fractographs of specimen tested at room temperature

(a) 20001 (b) 20002
Fig. 6. Fractographs of specimen tested at 200 deg C

Fig. 7. (a) 25001

interestingly, the fractograph of the alloy tested at room 
temperature exhibits elongated dimples, which may be the 
residue signature of the as – received hot rolled material having 
elongated grains.
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the increase in test temperature from room temperature to 
300°C, reveals the presence of deep ductile dimples [10]; the 
elongated shape dimples are getting equiaxed with increase in 
test temperature due to partial recrystallization of the material 
at tensile test temperature. in addition, the overall size of the 

dimples increases from room temperature to 300°C. the increase 
in elongation values of the present samples tested at room tem-
perature to 300°C, in agreement with the fractography features 
is observed. the evidence of collapse of dimples during tensile 
deformation is clearly observed in all the fractographs.

2.4. Fe based simulation-applications

equilibrium equations can be easily applied to solve sim-
ple 1-d beam problems. it is more complicated to solve 2-d plane 
or 3-d solid body problems, by applying these equations of equi-
librium. the FeM approaches this problem by splitting the body 
into several small elements, that are connected at nodes [11]. 
this process is called discretisation, and collection of nodes 
and elements called the mesh. discretisation is useful because 
the equilibrium requirement now only needs to be satisfied over 
finite number of discrete elements, instead of continuous over 
the entire body, surface elements are a two dimensional typically 
used to model thin surfaces. solid elements are used to model 3-d 
bodies. Choosing the right elements for the model depends on 
the specific scenario being analysed and require some expertise. 
solid or line elements depend on how much the problem need 
to be simplified. For stress analysis problems, the fundamental 
variable most needed to be calculated is displacement at each 
node. if body displacement is known, it’s easy to calculate sec-
ondary variables like stress and strains. 

there are a lot of different analysis methods that engineers 
can use to solve a structural mechanisms problem, whether it’s to 
calculate the deflection of a beam or the stresses in a flat plate. 
But because of complexity in geometry, loads, or materials, its 
often difficult to solve in this way. the Finite element (Fe) 
Method is a powerful numerical technique that uses computa-
tional power to calculate approximate solution to these types of 
problems. it’s widely used technique in all major engineering 
industries. it could be used to check that the satellite components 
survive the launch conditions, for example, or to optimize the 
design of automobile components, like lower control arm of the 
car’s suspension. Many Fe based software like ls dyna code, 
aBaCus etc. can be utilized to analyse a wide range of solid 
mechanics problems including static, dynamic, buckling and 
model analysis. But it can be used for fluid flow, heat transfer, 
and electro-magnetic problems. Fe technique is used by the 
automotive and aerospace, construction and military, manufac-
turing, and bioengineering industries.

2.5. lS dyna Program code

ls-dyna code is an advanced simulation software which 
was acquired by ansys in 2019. its origins and core competence 
lie in highly nonlinear transient finite element analysis (Fea) 
using explicit time integration. ls-dyna code is used in the 
automotive, aerospace, electronics, civil engineering, military, 
manufacturing industries.

Fig. 7. (b) 25002

Fig. 8. (a) 30002

Fig. 8. (b) 30003
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ansys and ls-dyna are two popular engineering soft-
ware tools that are used for finite element analysis. the differ-
ence between ansys and ls-dyna lies in different solution 
procedures and time integration methods they use. ansys 
is an implicit analysis program while ls-dyna is an explicit 
analysis program.

dog-bone tensile specimen is sketched and modelled in 
Fusion 360 as per standard dimensions and saved as iges file 
format. the iges file is then imported to finite element-based ls 
dyna program code [12]. units (tonne, mm, s, n, Mpa, n-mm) 
are used in this work. using auto-Mesher option, only the sur-
face of the specimen is meshed using mixed triangular and quad 
shell (surface) elements. Material cross section, materials, load 
curve, etc., are defined using dyna Keyword manager. in sec-
tion tab, 2 mm value is entered for magnesium sheet thickness 
and keeping all other dyna code default values. piecewise linear 
plasticity with failure (Mat_024) has been selected for mate-
rial card, with other mechanical properties of the Mg alloy are 
entered. experimental stress-strain curve for magnesium alloy 
has been imported as load curve shown in Fig. 9 and is linked 
to the material and section. then the materials and section are 
linked to the specimen part.

Fig. 9. stress strain curve used in the dyna code

as the tensile specimen is fixed at one end and free at the 
other end, set of fixed and moving nodes are created using cre-
ate entity option. boundary_spc_set, is used to arrest all the 
degree of freedoms (dof) of all the fixed set of nodes. using, 
prescribed_motion_set, only one dof i.e. x-translation motion 
is allowed for the moving nodes. except x-translational motion 
for moving nodes, other dof need to be arrested by using again 
boundary_spc_set. here, it’s essential to define velocity or 
displacement curve for the translation motion which has been 
allowed for moving nodes. the velocity curve used here for the 
translational motion of moving nodes is shown in Fig. 10.

Constant velocity 0.5 mm/ms has been selected for 1000 ms. 
the total running simulation or termination time should be less 
than this 1000 ms. Output cards like Control and database need 
to be defined. in database, the parameters like energy, shell, 
termination time and timestep are inputted. in database, many 
cards like asCii, binary d3plot, extent-binary etc are entered.

the termination time selected as 35 ms. using dyna pro-
gram manager, the model is run for simulated results. Most 

importantly effective plastic strain (e.p.s) and effective stresses 
(tresca and Von Mises) are recorded, using fringe components 
in ls post. ls dyna is an explicit dynamic type of solver, unlike 
other solvers aBaCus, ansys etc. explicit dynamic mean, 
defining time dependent load instead of applying constant load.

history option in ls post can be used to save the output 
results, for example, effective plastic strain vs. time, effective 
stress vs. time etc. the program files then be saved as Microsoft 
excel (.csv) file format for further graphing, analysis, and print-
ing. tresca and Von Mises effective stress-plastic strain graphs 
are compared in Fig. 11.

Fig. 11(a). eps vs effective stress (experimental) curve

Fig. 11(b). eps Vs effective stress (dyna code) curves

Fig. 10. load curve/velocity curve used in the program code
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these graphs are corresponded to few elements near the 
fracture zone in the model. these simulated results are consistent 
with the experimental observations.

2.6. Serrated plastic flow

plastic deformation region of true stress-strain curves of the 
tensile samples tested at 200, 250, 300°C, reflect the presence 
of serrations. the serrations are associated with the dynamic 
strain aging. a magnified view of these regions is shown Fig. 12.

the serrated flow curves in present case consists of small 
stress amplitude with the band propagation [13]. Both the am-
plitude and extent of band propagation increase with increase 
in tensile testing temperature and strain rate. 

the observed serrated flow in present case is due to a com-
bined interactions of dislocations with deformation twins and 
strain fields associated with the solute atoms [14]. it is known 
that the hexagonal close packed materials deform by twinning 
which is being produced during tensile deformations. interest-
ingly, it is also inferred that if the twinning occurs during tensile 
test, it results in the formation of serrations in stress-strain curves. 
the low stress amplitude in serrated flow region may probably 
be attributed to the small differences in atomic radius among 
the constituent atoms. 

Rodriguez has classified the serrated plastic flow behaviour 
of different materials based on the nature of serrations [Ref]. he 
has identified five distinct types of serrations namely a, B, C, d, 
and e. the nature of serrations observed in present case predomi-
nantly belongs to the type e. type d serrations are also appeared 
in a few cases along with the type e at lower strains. it has been 
mentioned that the type e serrations are similar to type a with little 
or no hardening during band propagation. present results also point 
towards the similar nature of serrated flow of the aZ31B magne-
sium alloy during tensile deformation at elevated temperatures.

2.7. machine learning predictions

the experiments were carried out based on Machine lear-
ning models developed using phython in google Colab environ-
ment. the authors have tied with four kinds of Machine learning 
models including linear Regression, Multilinear Regression, 
Random Forest with 1000 estimators and XgB Regression.

Machine learning, which has proven to be an excellent 
choice for prediction in fields such as finance, natural language 
processing, weather forecasting, and computer vision, has slowly 
made its way to materials science in recent years. with the advent 
of machine learning models and artificial intelligence, which 
have regained many positions at the forefront of research, much 

Fig. 12(a). serrated plastic flow at diff temp

Fig. 12(b). serrated plastic flow at diff strain rates
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work has been done in developing machine learning models to 
study various alloy properties. Machine learning mechanisms are 
highly dependent on the data set used to train the model [15]. 
the data set consists of 5 parameters in input, temperature, str, 
Rolling, time, load and ultimately displacement as target vari-
able. a total of 16399 rows consisting of 5 columns data is used 
as data set for the models developed during the current research. 
the description of data used is as shown in the Fig. 13(a). the 
data was cleansed manually, and no null values were identified 
as shown in Fig. 13(b). the data accuracy and their RsMe values 
are shown in taBle 3 and taBle 4.

Fig. 13(a)

Fig. 13(b). Other data information

taBle 3

accuracy obtained in % for different regression models

Sl. no. model accuracy % 
obtained

1 linear Regression 28.87
2 Random Forest with 1000 estimators 98

taBle 4

RsMe Values observed

Sl. no model rmSe Values observed
1 Multilinear Regression 2.9824
2 XgBRegressor 0.2393

actual and regression predicted results, temperature 
vs. displacement and strain vs. displacement are shown in  
Fig. 14(a), Fig. 14(b) and Fig. 14(c) respectively.

Fig. 14(a). Regression Vs actual predicted

Fig. 14(b). temp Vs displacement (Bar plot)

Fig. 14(c). strain Vs displacement line plot

3. results and discussion

high temperature uni-axial tensile tests have been con-
ducted on aZ31B magnesium alloy of 2 mm thick sheet, to 
measure material’s formability using hot forming machine using 
hemi spherical punch. the results are given in taBle 1. the 
major points of the uni-axial tensile tests are summarised below.
•	 At	high	strain	rates	(0.1	mm/s)	and	at	room	or	low	tempera-

tures, the % elongation achieved i as low as 7%.
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•	 At	slower	strain	rates	(0.001	mm/s),	and	at	room	or	low	
temperatures, the % elongation observed is as high as 20%. 
however, rolling direction is the favourable condition.

•	 At	slower	strain	rates	and	at	moderate	temperatures,	about	
200°C or above, even higher elongations of 21-32% are 
attained.

•	 Stable	yield	and	elastic	modulus	can	be	calculated	 from	
stress-strain curves.

•	 At	 test	 temperatures	above	300°C,	attaining	even	higher	
% elongations of 40-50 is possible with proper lubrication 
applied on the specimen.

•	 Serrations	and	their	influence	on	the	formability	has	been	
outlined.

•	 Both	the	amplitude	and	extent	of	band	propagation	increase	
with increase in tensile testing temperature and strain rate.
Formability predictions from ls dyna code are consist-

ent with the experimental results. an attempt has been made in 
predicting material’s formability using Machine learning mod-
els. the experimental data set is used in building the regression 
models. Random Forest predictions have displayed the better 
accuracy and least error. the following inferences are made 
from both the experimental and predictions by software codes:
•	 Dyna	code	simulations	are	close	to	the	realistic	experimen-

tation with solid elements and fine meshing; however, run 
time limits the usage of the code to the maximum extent.

•	 Effective	plastic	strain	and	effective	stress	curves	obtained	
from dyna code program and experimental results are in 
near agreement with less than 10-15% deviation.

•	 Formability	capabilities	of	Mg	alloy	sheet	beyond	300°C	
appear to be quite promising.

•	 Both	the	amplitude	and	extent	of	band	propagation	increase	
with increase in tensile testing temperature as well as strain 
rate; however, it is yet to be identified with the code.

3.1. machine learning - results

the experiments were carried out based on Machine learn-
ing models developed using phython in google Colab environ-
ment. the authors have tied with four kinds of Machine learning 
models including linear Regression, Multilinear Regression, 
Random Forest with 1000 estimators and XgB Regression.
•	 The	results	obtained	in	the	initial	trials	are	not	much	encour-

aging as linear Regression yielded only 28.87% accuracy.
•	 Multilinear	 regression	as	used	and	 the	RMSE	value	ob-

served is to be as 2.9824.
•	 Experimentation	was	 also	 done	 using	XGBost	 Grid-

searchCV with n estimators 100, 200 and max depth of 
10,15,20,25. it is observed that at maximum depth of 10 and 
estimators of 200 best parameters are found and a lowest 
Root Mean square error (RMse) is recorded as 0.2393 as 
shown in the Figure X. the root mean square error for test 
data set is found to be 0.22.

•	 To	improvise	the	efficiency	of	classifier	further,	the	authors	
experimented using Random Forest decision tree algorithm 

considering an estimator factor of 1000. the accuracy 
recorded is a huge jump from 28.87 to 98%. the data is 
split in 70:30 for training and testing purpose when 98% 
accuracy was achieved.

4. Conclusion

uniaxial stretch forming has been carried out at different 
temperatures on Magnesium based aZ31 alloy sheet and the ex-
perimental findings are summarised. the increase in temperature 
increases the elongation of the material. interestingly serrated 
plastic flow has been observed at very low and at moderate 
temperatures.

ls dyna code analysis and Machine learning predictions are 
graphically presented, compared, and interpreted systematically. 
it has been shown that Ml models and dyna code simulations 
are eventually minimizing the need of number of physical ex-
periments to be conducted and consistent with the experimental 
results. Further, it has been concluded that the Random forest 
regression approach could evidently best suited in the prediction 
of material formability of the present alloy.
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