ABSTRACT

SHAHBEIGI ROODPOSHTI, PEIMAN. Microstructural Evolution and Fracture
Mechanisms of Md\lloys during Creep. (Under the direction of Prof. Korukonda Murty and
Prof. Ronald Scattergoad)

Magnesium due to its ult#lgght structure and high specifie¢rength received great attention

in various industries such as aerospace, automobile and telecommunication. However, its
high temperature time dependent deformation (known as creep) needs to be improved to be
able to use in a practical manner. To imprdwe d¢reep resistance of Mg, researchers tried to
add some alloying elements such as Al, Zn, Mn, Bi, Si, Ca etc. They result in some
intermetallic phases (precipitates) in the matrix (e.giMg,, Mg,Si, MgSh,, and MgBi,)

that can act as obstacles toigrboundary migration and dislocation glide, and improve the
creep resistance of the alloy. The basis of this work is to study the creep behavior of the AZ
series of Mg alloys, AZ31 and AZ91. The AZ31 includes 3wt.% Al and 1wt.% Zn and the
AZ91 consists 08wt.% Al and 1wt.%Zn. The experimental part of this thesis focuses on the
AZ31 and a comprehensive study on the creep behavior of AZ91 is provided in the literature
review.

Investigation of the microstructure development of high temperature deformed HA#31
fracture analysis and determination of the dominant creep mechanism(s) are objectives of this
study. The creep tests were conducted in a wide range of stresses (1 ~ 70 MPa) and
temperatures (220 ~ 3%0) to characterize the underlying deformation mechanism(s),
dislocation density evolution, fracture analysis, possible dynamic recrystallization (DRX)
and dynamic recovery (DRV). The results show that the DRV, grain growth, decrease of the
dislocation desity, and a combination of ductile and brittle fractures are characteristics of

the low stress creep regime. Further analysis revealed that grain boundary sliding (GBS) is



the dominant creep mechanism in this region. At intermediate stresses, DRX albng wit
slightly increased dislocation density were observed. Dislocation glide creep (DGC) is noted
to be the underlying creep mechanism in this region. At elevated stresses, where dislocation
climb creep (DCC) is applicable, the microstructure contains a lsge amount of
dynamically recrystallized grains along with increases in the dislocation density.

In this study, two different types of creep tests were conducted: i) steady st&te ¢&iep

tests, in which the test continued to reach to th&t3&gon and ii) rupture tests that samples
passed the St stage and reached to the fracture point. The former one is applicable to find
the possibility of DRX, dislocation density variation and dominant creep mechanism whereas
the latter is important to finthe total life time of the sample and the fracture mechanisms.
Because Ti with hexagonal close pack (HCP) crystal structure has similar (to Mg) limitations
for deformation at low temperatures, in addition to the theoretical and experimental study of
the creep mechanisms of the AZ series Mg alloy, the thesis presents a comprehensive study
on the severe plastic deformation (SPD) method of equal channel angular process (ECAP) of
the commercially pure Titanium (CH). It is presented in the appendix A anadses on

finding the best experimental parameters for-TCHRo attain the most homogeneous

microstructure and mechanical properties.
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1. Introduction
Nowadays, due tadeveloping a huge numbers of companies working in the field of
automobile and airplane manufacturing, it is possible to travel with relatively cheaper cost.
During last decades the fuel price increased dramatically and it is predictable that increase
will continue in the following years albeit a recent stenn reduction of oil prices. Thus
reducing the fuel consumption is one of the most important targets of these confipanies
For example Lotus designed a light weight structure division, BMW is investing million
dollars into carbon fiber and Jaguar works on light md@lsEvery 100 pounds weight
reduction can increasthe fuel economy by 1 ~ 29%]. Specifically for this reason,
magnesium alloys gain a high popularity in the transportation industries. Their low density
and relatively high specific strength encouraged the researchers to try to discover the
possibility of using them in various partstbe vehicles. However, Mg, like other hexagonal
close packed (hcp) crystal structure materials, suffer from low mechanical strength and
reduced ductility. Indeed, metals with hcp structure, present a lower number of slip systems
(compared to body centemulgic (bcc) and face center cubic (fcc)) especially at room
temperature. In hcp materials, mechanical twinning plays a critical role during plastic
deformation[1].
Because of this limitation, plastic deformations of hcp metals are usually more difficult than
ot her structur al met al s. These al l[@wxd ar e
researchers tried to deform them at elevated temperatures. In someiesdwhich use

severe plastic deformation (SPD), some special parameters should be considered to avoid



crack initiation during deformation. Appendix A is a comprehensive study on the SPD of
equal channel angular process of Ti with hcp crystal structure based on the accepted
paper for publication as below

AA microstructural approach on the Equal

Pure Titaniunia r evi ewo
Peiman Shahbeigi Roodposhti, Nasim Farahbakhsh, Apu Sarkar, Korukonda Linga Murty,
Transactions of Nonferrous Metals Society of China, in press.

Due to these limitations, researchers tried to add some alloying elements to Mg to improve its
mechanical properties. Al, Zn and Mn are the most conventional alloying elements, added to
Mg makeingthe AZ series of Mg alloys. AZ31 and AZ91 with 3wt.% and 9wt.% Al
respectively are the most common Mg alloys being used in automobile and aerospace
industries. Depending upon the temperature and their concentration, the alloying elements
can make some ietmetallic phases. MgAl;, is the most important equilibrium
intermetallic phase in these alloys. They can improve the room temperature mechanical
properties due to their elevated strength. However, they present reduced high temperature
stability due maity to their low melting point. At elevated temperatures, creep is known as
the main degradation mechanism of Mg alloys.
The first chapter of this study presents a general background on the history of Mg and its
alloys. Then conducted works on the creeppprties of AZ31 and AZ91 Mg alloys will be
reviewed. The influence of various production methods and intermetallic phases on the creep

mechanisms of AZ91 will be discussed based oraocepted paper for publication as below

Ch



AEffects of ndwprocessmgmethods dnereep behavior of AZ91 magnesium
all oyo
Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Miostynal of Materials
Engineering and Performance, in press
The high temperature deformation at constant stress (i.e. Crepg)tms of AZ31 Mg alloy
will be discussed in the second chapter. This chapter tries to focus on the microstructural
evolution during creep in the steady state creep regimes. The creep deformation was
investigated at elevated temperatures ranging fromt60&3 K (i.e 0.53 ~ 0.68 ) to
characterize the underlying deformation mechanism. The possibility of dynamic
recrystallization (DRX) and dynamic recovery (DRV) along with dislocation density
evolution and grain size distributions are other topics m¢hapter. This chapter is based on
the published paper in the Materials Sciences & Engineering A journal as below:
AMi crostructural devel opment of high tempe.l
Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda LingidylyMaterials
Science&EngineeringA626 (2015)1202
and submitted paper for publication:
ADi sl ocation density evaluation during high
Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga MM#terials lette, under

review



The third chapter is about the fracture mechanisms of the AZ31 Mg alloy during low stress
high temperature creep. Grain boundary sliding (GBS) is the dominant creep mechanism in
this region. Unlike conventional creep test, which usuallgtinooed to the steady state
region, the rupture test continued to the fracture point. Studies show that mentioned
precipitates play a significant role in the applicable fracture mechanism. GBS anél {ylg
precipitates in AZ series of Mg alloys resultstress concentration sites for cavity formation
leading to premature failures. In this region DRV can deer#as dislocation density. This
chapter is based on the published paper with the title of:
AFracture behavior of AZt@®sS hiphdegnpeeasiieum al | o
def ormationbo
Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Murty; Metallography,
Microstructure and Analysi©n ling 10.1007/s136301501891

Grain boundary sliding is one of the most important dominant creep mechafigkdS1
Mg alloys in during low stress high temperature creep regime. The fourth chapter provides
some evidence about the existence of the Rachjdg&BS in crept AZ31. Rchinger (1952)
developed a model of GBS based on displacement of grains without any changes in their
shape. The chapter shows the danger of Rachinger GB8plesawith large grain sizes due
to cavity formation. This chapter reports the results as given in a submitted paper for
publication as below:

AGrain Boundary sliding mechanism during h

Magnesium all oyo



Peiman Shahbeidgoodposhti, Apu Sarkar, Korukonda Linga Muietallurgical and

materials transaction Aunder review



2. Literature review

2.1. Magnesium and its alloys

Magnesium (Mg) is an alkaline earth metal and tembst abundant element in the thar

with common oxidation number of +2. The atomic number and weight are 12 and 24.305
respectively. Its melting point is 923 K and has an hcp crystal structure. The structure is very
soft with elastic modulus of 45 GPa.

The name magnesium came from thedRBrevord for a region in Thessaly called Magnesia.

The words magnetite and manganese also came from this region. Although Sir Humphry
Davy first developed the Mg in England in 1808, Antoine Bussy in 1831 made a coherent
form of that. However, long time bafthat, in 1618, a farmer at Epsom in England tried to
give his cow some water from his well. The water had bitter taste and cows refused to drink
it; however the farmer found that the water can heal rashes and scratches. Nowadays that
substance known d&%pson salts and described as hydrated magnesium sulfate,,MBiZD

[5]. Mg plays a vital role in human body as
minimum of 25 gr of Mg is essential for body which mainly comes from daily diet. To keep
the body working properly Mg takes pantmore than 300 chemical reactid6é.

Mg alloys due to their extraordinary properties such as low density (1.74)g/dnigh
strength to weight ratio, good vibration damping, grate electrical and thermal conductivity,
recycling potential, biocompatibility and aesthet[@$ widely used in various industries
including aerospace, automotive, telecommunication and space technologies. Hawever a
room temperature it is difficult to form and can tolerate a very small amount of cold work

without annealinf$][9]. It is usually annealing at temperatures betweers 288d 4086 .



Although Mg has relatively good corrosion resistance in the normal atmosphere, it is unstable
and susceptible to oxidation in marine environment. Another characteristic of Mg is its
powder which ignites in the normal air at elevated tempeatuhech should be considered

when heated in unprotected atmosphere.

To improve the mechanical properties of Mg alloys, researchers tried to add some alloying
elements such as Al, Zn, Mn, Si, Bi, Ca, Sr etc. These alloying elements result in some
intermetdlic phases such as Mg\l 1, M@:Si, MgSh,, MgsBi, etc [10]. These precipitates

can act as barriers against grain boundarieé
leading to increase of thmechanical properties of Mg alloys. However, most of these
intermetallic phases have low melting points and dissolve in the matrix at elevated
temperatures. Among the elements, Ca and Sr can make some thermally stable phases and
improve tensile propertief Mg at elevated temperaturel][12].

Magnesium alloys are classified in two different categories: cast or wrought dlayel is

a classification of the most conventional magnesium slldy shows the composition,
mechanical properties and typical application of them. These alloys widely used in various
industries from a simple luggage to missile applications. During the last decade the
applications of Mg alloys increased to substitutthvengineering plastics with comparable
densitiefl3]. This is mainly due to their more stiffness, cheaper value and more

recyclability.



Tablel Characteristics and applications of six most common magnesiunigalloy

Mechanical Properties
ASTM | Composition| Condition | Tensile | Yield Ductility | Typical
Number | (wt%)* Strength | Strength | [% EL in | application
[MPa] [MPa] 50 mm]
Wrought Alloys
AZ31B | 3.0 Al, 1.0| As 262 (38) | 200 (29) | 15 Structures
Zn, 0.2 Mn | extruded and tubing,
cathodic
protection
HK31A | 3.0 Th, 0.6| Strain 255 (37) | 200 (29) | 9 High
Zr hardened, strength to
partially 31
annealed (60Q )
ZK60A | 5.5 Zn, 0.45 Artificially | 350 (51) | 285 (41) | 11 Forgings of
Zr aged maximum
strength for
aircraft
Cast Alloys
AZ91D | 9.0 Al, 0.15| As cast 230 (33) | 150 (22) | 3 Die- cast
Mn, 0.7 Zn parts for
automobiles,
luggage and
electronic
devices
AM60A | 6.0 Al, 0.13| As cast 220 (32)| 130 (19) | 6 Automotive
Mn wheels
AS41A | 4.3 Al, 1.0| As cast 210 (31)| 140 (20) | 6 Die castings
Si, 0.35 Mn requiring
good creep
resistance

! The balance of composition is magnesium




As mentioned, Mg needs some requiredperties to be able to use in various industries.
Figurel shows different conventional routes which are used to improve various properties of
Mg alloys: its specific strength, ductility, creep resistance and thermal expansisnthal

most conventional alloying element used to improve specific strength of Mg §dbys
Ductility is another important parameter and it should beravgd to make the Mg capable

of thermomechanical treatment. The number of operative slip systems determines the
ductility and Mg, due to its hexagonal close pack structure has limited number of slip
systems at room temperature (bagaln iép gnOand seondary prismp @t & gnQ. At
elevated temperatures, however, slip can also occur in the pyramidal pplape too.
Additional alloying elements can influence this behavior especially if they could change the
structure Figure1 shows that MeSi, Mg-Al-Ca(Re) and MgLi-X have more ductility. This

is mainly due to having a mixed structure of Hexagonal and BEC

Magnesium, de to its low melting point, loses most of its mechanical properties, including
creep resistance, at elevated temperatures. Alloys with some amounts of Thorium (like
HZ22) have the maximum service temperature for Mg alloys at 623K. However it is using
limited due to its radioactivityrigure 1shows that using other alloying elements can provide

various service requirements for example ats1507%8 and 208 [9].
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Specific Strength Ductility Creep Resistance
super light, high strength Spray formed,
Thermomech. Treatment, MgLi / _
: o moscxy | |
. Mg-Li-X Pﬁﬂgﬂf Die Casting
.
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o ey Sand Casting|

Ma-Si
Mg-Al-Ca(-RE) Mg-Ag-RE-Zr
< Mg-LEX (280

=

Thermal Expansion
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T Fibre S particia | |—— oot

re icle C C it
reinforced Mg-MMC’s reep (Composites)

Mg-Al-Ca-X
- Mg-RE-Zn-Mn_
(max. 200°C]

Mg-Al-RE
max. 175°C
Mg-ALSi

’ max. 150°C

Magnesium

Figure 1 Variousdirections of alloy developmeff]

Mg alloys, depending on their required properties, dimensions, shape of the parts etc., can be
produced via various casting techniques including: Pressure die casting, sand casting,
permanent and serpermament mold casting, squeeze casting, investment casting and
thixoforming. Among these techniques, die casting due to its higher productivity, precision,
surface quality, machinability and casting rate is more popular. However, due to having lots
of porosityin die cast alloys, squeeze casting and thixoforming were develbjgpde 2

shows the principle of squeeze casting. It is very similar to die casting. The melted alloy is
filled into a mold with high pressure anelatively slower rate leads to lower porosity in the
sample. This method is mostly used in very thin and very thick saniigse 3 illustrates

the basics of the thixoforming. It results in more homogeneousostiactures with fine
grains and very low porositfigure 4 shows the mechanical properties of squeeze casting

and thixoforming AZ91 Mg alloys after T4 heat treatment. A comprehensive study on the
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influence of vaious production methods on the creep properties of AZ91 Mg alloys will be

provided in this chapter.

Core \WT‘ = Die
T
Shot
Sleeve
* Piston

Figure2 illustration of squeeze castifg]

000 e
> -
B300@ . . . .
a) Horizontal continuous b) Cutting to ¢) Induction heating
casting of bar uniform length toTs<T<Ti
'=E- > ; i \ > g;
d) Insertion of plug ¢) Thixo pressure f) Component

into casting chamber forming

Figure3 steps of thixoforming9]
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Figure4 illustration of tensile strength antbagation of squeeze casted and thixoformed

AZ91 T4[9].

2.2. Plastic deformation in HCP metals

Limited ductility of the Mg alloys is related to its hepystal structure. Compared with fcc

and bcc, the hcp materials have lower number of active slip systems. Slip system is defined

as the high density crystallographic plane &
1) yields presents the criticaltess needed to activate a slip sysfém

W QuHE 1t CHE o 1

ar

whereHl J HL # = ¢ is called Schmid factor and v
Figure5. The stresstrain curve shows that as long as the applied stress ihéeedy, it is

a linear functi on gpgefb esctormeeisn . mobesecladiohoanot aig t h e
more linear and the plastic deformation starts. Slip deformation is related to dislocation

movements. Dislocations have different nafudescribed as edge, screw and mixed
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dislocations. Further information on dislocation behavior can be found in refefddges

[18].

Normaltoslip, ™ T o

plane i i \Slip direction
Gapplied

slip offset

AN

G plastic hardening

linear elasticity

T =0_cos(A) cos(p)

Gap plied

Figure5 illustration of schmid layd].

Mechanical twinning is another important deformation mechanism, especially for hcp metals.
The crystallographic orientation changes due to the twinnkigure 6 shows the

reorientation of crystal structure due to mechanical twining. The twin planes are bordered

between twinned and untwined regi¢hk
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3
3

-

/ twin planes

-

Figure6 illustration of mechanical twinninfd.]

Various slip and twinning modes of hcp metals are depictédgre7. It is clear that slip
systems are defined as a plane and a directiole wigchanical twinning is mentioned by a
plane. Although there are large numbers of deformation modes in hcp metals, only a few of

them are active. A simple classification of dislocations in hcp metals are <a>, <c> and <a+c>

with burgers vectors of lengtles ¢ and/HE 9k respectively. Depending on the c/a ratio,

each of these slip systems will be active.
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slip
systems

T slip

twinning
planes

Figure7 deformation modes in hcp metals, slip direction represented by vectors, slip and

twinning planes represented by grayfaceq1]

In Mg alloys, at low homologous temperatures, basal slip systems along edtanical
twinning play critical role for plastic deformation. At temperatures above 22fher slip

systems, including pyramidal <a>, will be active. Deformation modes of Mg are listed in

Figure8.
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basal <a> prismatic <a> pyramidal <a>

pyramidal <a+c> tensile twin

Figure 8 Deformation modes of Mg. Slip and twinning planes are illustraizdjray plane,

vectors are slip directiorjg].

2.3. Creep mechanisms

Creep is defing as the time dependent plastic deformation at constant stress and temperature.
It can be very severe when the material is subjected to heat for a long time. The deformation
rate is a function of time, temperature and material strudtigare9 shows a classical creep

curve. After initial rapid strairt , three separate stages are clear in the curve: Primary
. . . [ | . .
stage, in which the strain raté t. Qecreases as a function of time to reach to the

minimum strain rate (or steady state). This is the onset of stage two. Steady state creep rate

can provide much knowledge about creep life and dominant creep mechanism. In stage three
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(tertiary stage) strain rate increases as a function of time to reachrtgptire point. Usually

the tertiary region is shorter than primary or secondary stages. Investigations show that the
creep mechanism is due to a competition between strain hardening and recovery. During
primary creep, large numbers of dislocations aeated and get locked by each other. Thus

the strain hardening rate is more than recovery. In secondary stage the rate of work hardening
is equal to recovery leading to deformation at a constant strain rate. Stage three is the onset of
necking or cavity famation. This can cause a reduction in cross sectional area and increase

in applied stress and leads to reduction in the rate of strain hard&ajng

Primary creep Secondary creep Tertiary creep
T I I I X Fracture

w Z€ _ minimum creep rate
P ac
‘©
=]
v
€0
Time t

Figure9 schematic of the creep curve. Curve A constant load and curve B constant stress

[20].

During engineering creep test, it is conventional to keep the load constant. However, because

the sample elongates and decreases in-sednal area, the real stress increases. Canstan
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stress tests usually present stage three with some delay (dashedime@®). Nowadays,

it is well understood that many materials do not present such a typical creep curve. Indeed,

material condition camiluence the general shape of the creep curigire9 is related to

the annealed metals and certain alloys. Strain hardened materials present very short primary

creep and reach to steady state creep very soplotAf strain rate vs. time (or strain) shows

a dramatic change in the strain rate during creep proEeps€10). Because the stress and

temperature are constant, it is due to structural changes of mateinal cheep.

4]
= First | second| Third
o stage| Stage | stage
@
L
(@)

Total time

Figure10 Schematic of creep rate vs. tif2o]

2.3.1. Creep equations

Based on Andradeods

theory,

any

constant

str

of two individual creep processes, transient creep and steady state creep occur after

instantaneous straifigure11 shows tle superposition of these creep process.
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Creep curve Sudden strain Transient creep Steady state creep
= = = =
© o i ©
7 = B + i + =
_I;G ::iﬂ /
time time time time
FigurellCr eep curve, basef0on Andradeos

The relation between strain and time changes in the three different stages. Andrade described

equation 2 for stage one.

E < 2

Whernes Ut he instantaneous st r Bhisequatidnisivadat he t i
elevated temperatures where recovery of structure is dominant. Equation 3 describes the
creep curve during the steady state region.

S S 3

where- is the creep raté the steady state region. Strain in tertiary stage of the creep is
related to the time with power of 3. Then the most common general equation for creep in the

three regions is,

E £ 4 Eyq A< 4

where[ is a constant. There are some other relations for creep deformation. Equation 5

shows the Garofalobés equation for 3 stages
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logarithmic creep behaviot. is the transient creep limitationisrthe ratio of transient creep

rate to the transijiaeconstantseep strain and U and

Equation 7 shows thahe rate of creep deformation is a function of temperature, stress and
microstructurg19]:

dIrap 54 o AL
t o ke varo <0 > g 7

o

where T is the deformation temperature and U
Figure 12 shows that by increasing the amount of stress and tempErattnimum creep

rate increases, rupture time decreases and the instantaneous strain iffii9gases

Og> .... >0,
OsTls o5, 6 T T > >T)
414
o313
o
‘s
S
@ o, T,
//‘__ o1
Time

Figurel2 Schematic of the influence of stress and temperature on the creep behavior of

materials.
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The weltknown Bird, Mukherjee, Dorn equation (equation 8) relates the steady state strain

rate to the influential pamae t er s of T, G and microstructure.
g, —Leid” 4T 8
vE r @

wheret, is the steady state strain rateis the stress exponent, p is the inverse grain size
exponent, A is a material nstant, D is diffusion coefficient, G is the shear modulus, k is the
Boltzmannds constant, b is the Burgers vect
temperature. The diffusion coefficient can be related to the temperature vigeKp{Q/RT)

where Q is the activation energy for specific creep mechanigns, ®preexponential term

and R is the gas constant.

Microstructure is a very important parameter of creep mechanism and it is logical to try to
keep it unchanged at any deformation condsi To this end, samples should be annealed at
temperatures higher than test temperatures and all deformations must be conducted in the
same microstructure phase. Grain size is one of the most important microstructural
parameters that can influence theeap resistance of the materials. Based on thekmelivn
Hall-Petch relation, the strength of materials with finer grains are more than those with larger
ones at lower temperatures. However, equation 8 shows that there is different story for creep
deformaion. The finer grains provide a higher steady state creep rate which indicates

relatively lower creep resistance.
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2.3.2. Creep rupture test

Unlike conventional creep tests which are generally carried out at lower stresses, during the
stressrupture teg relatively higher amount of stresses are applied on the materials so that it
takes shorter time for failure. The test should be continued to the fracture point. Results of
the rupture tests are usually plotted as stress vs. rupture time dtigees {3). For each test
temperature a straight line will be obtained. Any changes in the slop of line can be due to

changes in the fracture mechanism, for example changing from brittle type fracture to ductile

fracture.

1000}
500} 550°C
S \
S 650 °C
@ 100t
@ 50
@ 800°C
10}

0.0010.010.1 1 10 1001000
Rupture time, hr

Figure 13 schematic plot of stregsipture creep te$20]

Because creep tests are usuéltye consuming, it is very common to do the test at higher
stresses and extrapolate data to low stress regime. Lililen parameter (equation 9) is

one of the most important means of predicting the rupture time of a material.

by 47TH ¢ 0
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where P is the Larson miller parameter, T is the temperature, (Kxhe stress rupture time

(hr) and C is a constant which is usually around 20. Based on this parameter, at any given
stress the log ruptutéme plus a constant multiplied by temperature in Kelvin has a constant
value for any material. Monkman and Grant postulated another empirical equation for
predicting the stress rupture time (equation 10). That is a straight line-logiqgot of
steadystate creep rate vs. rupture time.

10

where- is thesteady state creep ratq, is the time to rupture and k is a constant for any
given materials. Equation 10 shows the inverse relation between steady state creep rate and
the rupture time. This supports the idea of cavity formation and growth during creep process
[20]. There are some ah parameters which can predict the life time of the specimens at
different creep conditions that include: Mandgaferd, WhiteLemay, ZeneiHolloman and

SherbyDorn parameters.

2.3.3. Creep Mechanisms

As has been mentioned previously, the creep mecdhaoan be changed if the stress,
temperature and microstructures are varied. For example, creep can occur by vacancy
diffusion through grain boundaries in materials with small grain size, whereas, larger grain
size material at same condition of temperatme stress can creep via lattice diffusion or
dislocation based process. To find the creep mechanism under any specific conditions, it is

conventional to modify the equation 8 to equation 11. Dorn suggested this equation to show
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the influence of any changein temperature, stress and microstructure in the creep

mechanism.

= & a* =

=~ — 2 X 11
rEt F =

Figurel14 shows thestress exponent (n) related to thestrand temperature for any constant

microstructure.
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Figurel4 unit less minimum strain rate vs. unit less stress fe8®n soldef19]

The slope of the curves shows that at lower stresses the mechanism of deformation is totally
different than that at higher stresses. The data points with different activation erasgie
fall into different lines. Equation 11 shows that, creep mechanisms can be identified by the

parameters such as p, n and Q which are grain size exponent, stress exponent and activation
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energy respectively. Moreover, the constant A plays a signifroéain identifying the creep
mechanism. Conventional classification for creep mechanisms are diffusional creep
mechanisms (e.g. Coble and Nabaderring (NH)) and dislocation based creep
mechanisms (e.g. HarpBrorn (H-D), viscous glide and dislocaticclimb). Grain boundary
sliding (GBS) creep mechanism can occur via both diffusional and dislocation based creep
mechanisms. Table 1 shows the relation between different values of equation 11 and creep
mechanisms. For example a stress exponent of n~ldwsuggest the Coble, Nabatro
Herring or HarpeiDorn creep. However, each of these mechanisms has their own grain size
exponent and activation energy. Grain size exponent of 2, 3 and 0 suggest the-Nabarro
herring, Coble and Harpé&orn creep mechanisms respively. Activation energy and the

constant A are other parameters (mentioned in the table) that identify the creep mechanism.
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Table2 Different creep mechanisms and various parametggsa(@ Q are the activation

enegy for grain boundary diffusion and lattice diffusion respectivel9]

Creep Mechanism n p QC A
NabarreHerring (N-H) 1 2 QL 12
Coble 1 3 ng 150
HarperDorn (H-D) 1 0 Q. 3% 10
Grain Boundary Sliding (GBS)| 2 2 ng 200
Viscous Glide 3 0 Q 6
Dislocation Climb 57 0 Q, 6 x 10
Power Law Breakdown >7 0 - -

2.3.3.1. Diffusional creep mechanism

Diffusional creep mechanism is a result of vacancy gradients due to normal stress leading to
movement of atoms from compressive boundaries to tensile (normal) boundaries. Dislocation
movements play no role this mechanism. Vacancies and atoms move in opposite directions
causing mass transportatidrigure 15 shows a schematic of atom/vacancy flux. Nabarro

Herring and Coble creep mechanisms fall in this category.
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Figure 15 Schematic of vacancy and atom gradients during diffusional creep mechanism, (a)

tension and (b) compression.

2.3.3.1.1. Nabarrdlerring (N-H) creep mechanism

Nabarro and Herinf21] developed the first model of diffusional creep. Based on this model,

in an ideal square grain of size d, the normal boundaries (AB and DC) are under tension
while transverse boundaries (AD and BC) are under compres$sguré€ 16). Because grain
boundaries are sources of vacancies, applied stress can cause vacancy formation at tensile
boundaries and vacancy depletion at the compression boundaries. As mentioned previously,
the stress exponent (n) and inveraigisize exponent (p) in this mechanism are around 1 and

2 respectively. Mass transportation occurs via grains, thus the activation energy is very close
to lattice diffusion. Because there is no dislocation motiongsain formation and recovery

are regticted, the creep curves usually exhibit little or no primary (stage 1) creep. Based on
Dorn theory, equation 12 shows the dimension less relation between steady state strain rate

and applied stress of-N mechanism.
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2 K a +
B = I 12
rrd 7 ®

where Ay is around 10 ~12.

o

1 )
| -
4

6)

w

d

lw)
O

Figurel6 Schematic of the mass transportation during Nreep

2.3.3.1.2. Coble creep mechanism

A few years after Nabarro and Herring, Go[22] developed an idea about new path for
vacancy diffusion. He believed that grain boundaries are also a path for diffusional mass
transport. As mentioned previously, a higlanount of vacancies are accumulated in the
grain boundaries perpendicular to the stress. However, during the Coble mechanism, unlike
N-H, mass transportation occurs via grain boundafégufe 17). Equation 13 showthe

Dorn equation for Coble creep (n~1 and P~3).

2 K a ¢
N — =2 T 13
ret Frp ™

where Ac is around 150.
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Atom movement
B

Figurel7 Schematic of the mass transportation during Coble creep

2.3.3.2. Harper Dorn creep mechanism

In 1957, Harper and Dof&3] discovered a new creep mechanism for large grain size (3.3
mm) Al at | ow s t% amd sery shigh( témpdtatures. FusthérOanalyses
conducted by other researchers on a host of other materials revealed thatDidanpgtD)

creep mechanism is plicable for many large grain materials at elevated temperatures and
low stresses. Although the stress exponent is ~1, the mechanism is different from diffusional
creep mechanisms. The activation energy is close to lattice diffusion and creep rate is
independent of the grain size (p~0). The creep rate is similar for single and poly crystals. The
dislocation density is low and independent of stress. Equation 14 shows the Dorn equation

for H-D creep. Many materials follow the-Bl mechanisnj24]i [43].

2 b

a
- 14
ret T T f

where A,p is around3x10%°.
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2.3.3.3. Grain boundary sliding creep mechanism

Grain boundary sliding (GBS) is a common creep mechanism at elevated temperatures (>0.4
Tm). During GBS, grain boundary motion leads to plastic deformation. It iskwelvn that

Lifshitz and Rachmger provided two most common GBS processes. The Lifshitz GBS, is a
diffusion based creep mechanism in which vacancies migrate through the lattice or grain
boundaries. Due to tensile stress, individual grains become elongated in the tensile direction.
To keep the coherency of the specimens, grains get displaced over eackigthrerd8is a
schematic of the accommodation of grains over each other in a diffusional process. On the
other hand, during Rachinger cremgchanism, plastic deformation is due to the movement

of dislocations within the grains and along grain boundamégu(e 19). Grains do not
change their original shape, and just get displaced with respect tcottsrh Rachinger
mechanism can be deleterious in large grain size materials. It is mainly due to the appearance
of a large number of cracks and cavities during the process which leads to premature failures
of the materials. Cavities will appear due t@s$# concentration at triple points. However, in
small grain sizes (in the order of a few microns) it is very beneficial and can lead to the
superplastisity behavior. The Lifshitz and Rachinger creep mechanisms are known as

intrinsic and extrinsic slidingespectively.
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et
T

Figure18 GBS accommodation due to diffusional flovDeveloped by Ashby Verral [44]

Plane of easy
grain boundary sliding

—

Climb along
grain boundaries

Figure1l9 GBS accommodation due to dislocatioovement developed by Ball

Hutchinson44]

Displacements in the marker lines across the grain boundary regions is a common way to

find the actual GBSFigure20 shows an SEM image of the GBS of AZ31 reported by Korla
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et al. They used the offset line method to find a constitutive equation for GBS of the AZ31

Mg alloy [45].

Figure20 SEM image of AZ31 deformed sgle. Line displacements show the GES]

There are numbers of models to describe GBS creep mechanisms. However, like others they

can be presented via equation Tdble 3summarizes various extrinsic and intrinsic models.
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Table3 Summary of grain boundary sliding modgis]

NeBS Pces Qcas
Intrinsic GBS
Raj and Ashby 1 1 Qe
Gates 1 1 Qgb
Pond 1 - Qgb
Padmanabhan ~2 2 Q>Qcers >Qgp

Extrinsic GBS

Ball and Huchison 2 2 Qg
Langdon 2 1 Q
Gi fkins? 4.5 2 Q
d<oa |45 1 Q
Crossman and Ashby 1 1 Qg
Langdon 2 2 Qub
d>a |3 1 Q

ISubgrain size or wavelength of grain boundary asperities

2 Z g4 . . .
Tmll = TJW-;& ; subscripts | and gb refer to lattice a

grain boundary

2.3.3.4. Power law creep mechanism, Class | and Class Il alloys

According to Dorn equation (equation 11), the stress exponent of 3 indicated the existence of
viscous glide dislocatn motion. Dislocations are locked by solute atoms and could be
moved only by dragging its cloud along by solute atom diffusion. At higher stresses,
however, dislocations can be unlocked and glide easier. Then the stress exponent increases to
n>4.5 which s the dislocation climb creep mechanism. This is power law creep (PLC)
behavior. During the PLC creep, generally all 3 stages of the creep (primary, secondary and

tertiary) are developed. Dislocations generation causes initial strain. As the creep froceed
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due to dislocations interactions, some barriers will be produced against dislocation
movements (primary stage). In this situation the mobile dislocation density decreases to
reach t o a cg@(eesondany stage).Dlringethe gteéady) statepcr@dalance is
achieved between the production and recovery of barriers.

Depending on the underlying creep mechanism, alloys are classified into class | and class II.
When dislocations are produced from a source like Frank Read (FR), they start toianove v
viscus glide mechanism to reach to an obstacle. Then they can climb and pass the obstacles
(Figure 21). Because dislocation glide and climb are sequential processes, the slower one
ibecomes rate controlling. lolass | alloys, due to the existence of Peierls stress, solute
atmosphere dragging, dislocation forest, antiphase boundaries and Suzuki & Fisher locking,
dislocations glide is slower and becomes rate controlling. However in class Il alloys (or pure
metals) where there are no obstacles against dislocations movement except for lattice
friction (Peierls stress), dislocations glide very fast and thus dislocation climb becomes rate
controlling. In both classes of alloys, the dislocation density is relateé fmther two of the
applied stress (Taylor equatiofjable 4 shows a comparison between class | and class I

alloys.

4

£
. L R /\ h
1 v
L\
Dislocation Barrier

productionsource

Figure21dislocations glide and climb in class | alloys
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Table4 Creep behavior of Class | vs Class Il alloys

Class | (class A) Class Il (class M)

Viscous glide of dislocations is rate  Climb of dislocation is rate controlling

controlling

n~37 3.5 n ~>4.5

No subgrain formation Subgrain formatio (tilt & twist)
No or short primary creep Large primary creep

y ~*0 } ~“d

Plastic deformation can lead to work hardening due to increased dislocation density.
Dislocations try to arrange themselves into lower energy arrays. One possibility for this new
configuration is producing some new boundaries inside the grains named subgrains. Subgrain
formation is characteristic of Class Il alloys during five power law creep regime. The

subgrain size (&) is dependent [®n the applie

! a
- - 15
1 F

Usually subgrains fon as three dimensional networks in the grains which can restrict

dislocation movement and increase the strengthening of the material (Network strengthening)

(Figure22).
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Figure22 TEM image of subgrain formation of Aluminum foil. Subgrain boundary walls are

clear.[46]

2.4. Creep properties of Mg alloy

Aluminium is one the most conventional elements, usually added to the Mg to improve its
mechanical properties. The My alloys are widely used in industs due to their
lightweight and recyclabilif##7]. AZ and AM series are two most important categories of the

Mg alloys whichcome from the addition of Zn and Mn to the dyalloys respectively. In

the subsequent sections, we describe the creep properties of AZ91 and AZ31 Mg alloys along
with the microstructure evolution and fracture mechanisms during creep at differentsstresse
and temperatures. Any additional Zn in the-Kgalloys can increase the strength of the
material by decreasing the solubility of Al in Mg and increasing the amount of precipitates. It

is well-known that the MgAl> ( 9 ) i's the most inthenldgAl aloys t pr e
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which can mostly form during aging after solution heat treatment. Usually it is continuous in
the matrix and discontinuous in the grain boundftijs

2.4.1. Creep properties of AZ31

Investigations show that creep behavior of AZ31 Mg alloys are classified as class | (or class
A) alloys which exhibit viscous glide of dislocations at moderate stresses
[49][50][51][47][52][53]. Chung et al studied deformation mechanisms of ceagrsaed

AZ31 Mg alloys h strain rate and temperature ranges of 2x10x10°s* and 573 ~ 673 K
respectively. They found that by increasing the amount of stress the viscous glide control
creep (VGC) mechanism followed by dislocation climb creep (DiG64]) Before that Kim et

al. [55] and Watanabe et di56] Studied the deformation mechanisms of fine and coarse
grained AZ31 respectively. Kim et al. developed deformation mechanism map based on their
experimental results. They found GBSlowed by DCC in their works. Although they did

not observe VGC in their experiments, their map indicates that it could appear in low stress
range of large grain size AZ31. The results reported by Watanabe et al. indicated VGC in
coarse grained AZ31 #w stresses, and temperatures in the range of 598 ~ g53]K
Figure 23 shows the steady state strain rate vs. normalized stress of their dataldg log
scale. Three different regions are clear in this figure. Wndtress regime (1.6xIo< G/ E <
7.8x10% n is equal to 3, in moderate stress range(7.7x10 ¢/ E &) nis.asbund D

while n>7 at high stresses (1.4x1® G/ E 2)[528]. 4x 10



38
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E AZ31 (Data cited from Kim et al.
T O 573K

1 O 598K
107 F .~ 623k
E v 648K
. AZ31 (Watanabe et al

-2 @ 598K
10 E 4 623K

T\“—? F < 648K

t‘“’ L @ 673K

g10°

g 3

£, /
8107

(7]. ’_/\

10° F /y//ﬁT =

10" 10° 107
Normalized Stress, OV/E

Figure23 Log-log plot of steady state strain rate vs. normalizedstoé coarse grained

AZ31[54]

Equation 8 was used to determine the results in figure 23. The temperature dependent elastic
modulus of Mg (E=2.67x (19268.6T) MPa) is employed in this equation. As it has been
mentioned previously the diffusion is related te #ctivation energy of the process (=D
exp(Q/RT), where R is the preexponential diffusion parameter which is™0m%s for

lattice diffusion in Mg). Equation 16 is used to find the activation energy. Based on this
equation Figure24 shows the activation energy for n=3 and n=5 regions. That is a pigt of
(E1/Es79™(T/573) vs. 1/T.

w 7 - 1
L AL
S il e 16

14
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T T T T T T T T T T T T T 8
o AZ31 (n=5),aE = 1.02x10°-1.3x10° 3§
® AZ31 (n=3),oE = 2.97x10°-5.63x10" ]
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Figure24 Activation energy calculation for AZ31 ( n=3 and n{54]

2.4.1.1.Grain boundary sliding in AZ31 Mg alloys

GBS is a mechanism that can be enhanced in Mg alloys by grain refinement. Hausner et al
reported the possibility of GBS in the AZ31 allbglow room temperature. They noted the
grain boundary offsets at two different temperatures of 273 K and 73 K. Koike et al. tried to
find the GBS mechanism in AZ31 during tensile by studying the displacements across grain
boundaries. They used Dorn typguation and found the activation energy for GBS to be 80
KJ/mol, which is close to the activation energy for grain boundary diffusion. GBS above 423
K was pure GBS and below 373 K was slip induced GBS. Gifkins and Langdon tried to find
the possibility ofhe GBS of | arge grain size (100 ~
temperature. Although they found the offsets of scribed lines, the lines became continuous
with strain enhancement. They concluded that there is no GBS at room temperature and
localized skar deformation was the main reason for step formation. Meanwhile, Hwang et

al. prepared nano crystalline Mg (with grain size of 45 nm) via ball milling. They did strain
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rate jump tests and found the stress exponent close to n=2 and concluded that GBS via
dislocation glide mechanism is dominant. Nowadays it is generally believed that by
decreasing the grain size the possibility of the GBS increases. Based on the line displacement
method, researchers tried to find the GBS strain. Koike et al. used thenBllaL angd on 6 s
equation (equation 17) to find the magnitude of GBS. They determined height profiles along

a given line in a laser scanned image. Then they measured the surface step height at grain
boundaries to find the magnitude of GES].

Offsets in the marker line, illustrated iRigure 25, is a common way to show grain
displacements due to GBS.fAcused Ga ion beam was employed to draw parallel line with

di mensions of 0.2 em (depth) x 100 em x 0.1
focused ion beam (FIB) machine was used to detect the line offsets. Shifted lines are denoted

by arrows. ltis clear that there are many lines which are not shifted in the grain boundaries.

This indicates that the occurrence and magnitude of the shifts are related to the grain

boundary structure.
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Figure25 Focused ion beam (FIB) mges of an AZ31 Mg alloy deformed to 10% at room

temperature. Tensile axis is perpendicular to the line direc{ors

17

T

where, u and v are the components of grain boundary displacements parallel and
perpendicular to the tensile direction respectively. Because it is usually hard to calculate the
u, v is measured. K is a geomeait factor which is 1.1 for electrochemically polished
samples. v was considered as the sum of the step heights at grain boundaries along the
scanned line and L is the scanned lengtbure 26 shows the surfacef deformed sample at

three different temperatures and fresh one.

Figure27 reveals the surface profile of deformed sample. Vertical dotted lines show the grain
boundaries. It is clear that there are some skteps in the grain boundaries at elevated

temperatureskigure 28(a) shows the amount of GBS as a function of total strain in room
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temperature. It has been calculated based on equation 17. It shows that at rperattem
GBS strain is 8% of the total straifigure 28 (b) shows that by increasing the temperature

the total proportion of GBS strain increases. It reaches to 27 % at 523 K.

&€ =10%, 300K

€ =10%, 423K =10%, 523K

Figure26 Optical micrograph of the AZ31 Mg alloy before deformation and after 10%

deformation at three different temperatures of 300 K, 423 K and 5F K.
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Figure27 Scanninglaser microscope surface profile of 10% deformed sample at three

different temperatures of 300, 423 and 523%]
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() (b)
Figure28(a) GBS strain vs. total strain, at 300 K (b) GBS strain at different temperature at

total strain of 10%[57]
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2.4.1.2Impression creep tests of AZ31

Till now, many researchers tried to focus on the creep behavior of the AZ31 via tensile creep
method. Hbwever, there are a few reports about the dominant creep mechanisms via
impression creep tests. Kim et [88] tried to find a coelation between impression and
double shear creep tests. In another research Ansafé&{ abported on the similaritgf the

creep mechanisms of impression and tensile creep. Unlike conventional creep test, in
impression creep test only a small piece of material is needed. A cylindrical punch is forced
into the sample via an applied load. The depth of penetration isdegtas a function of

time. The beauty of this method is that the creep test can be done under constant stress.
Investigations show a very similar stress exponents and activation energies via impression
and tensile creep tests8]i [65]. Figure 29 and Figure 30 show the impression and tensile
creep test results respectively conducted by Ansari et al in temperature rangé dP82R.

The impession creep tests were conducted under a stress range iol6023VIPa and the

tensile tests were performed at stresses of 3810 MPa.Figure 31 shows the stress
exponent determined from impression and tertsgs. Impression velocity is employed to

find the relation between steady state strain rate and stress described in the r@f&lence
Similar stress exponents of 3 and 6 have been reported for low stress and high stress regimes
respectively for both compression and tensile stress regimes. These values are very similar
with other investigations on creep behavior of AZ39][58]. Figure32 andFigure33 show

the results of activation energy calculation for impression and tensile creep tests. The

activation energies of 96.9 KJ/mol and 139.2 KJ/mol were determined for low stress and high
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stress regimes of the compression creep test whietry close to the tensile creep activation

energy.

o
o

0.5 05
Impression T=448 K Impression T=498K
E
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0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time, s Time, s

Figure29 Impression depth vs. time at two different temperatures of (a) 448 K and (b) 498 K

[47]
a o5 bos
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Figure30 Tensile strain curve vs. time at two different temperatures of (a)448 K and (b) 498

K. [47]
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Figure31 Determination of stress exponent at different temperatures for (a) impression creep

and (b) tensile creepd7]
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2.6. Effects of microstructure and processing methods on creep behavior of AZ91

magnesium alloy

Peiman Shahbeigi Roodposh#pu Sarkar, Korukonda Linga Murty
North Carolina State University
Journal of Materials Engineering and Performantepres

2.6.1. Abstract

This review sheds light on the creep properties of AZ91 magnesium alloys with a major
emphasis on the influence of microstructure on the creep resistance and underlying creep
deformation mechanism based on stress exponent and activation eEéfiepts of
processing routes such as steel mold casting, die casting and Thixoforming are considered.
Roles of a wide range of additional alloying elements such as Si, Sb, Bi, Ca, Sn, REs and
combined addition of them on the microstructure modificationewevestigated. The
reaction between these elements and the Mg or Al in the matrix develops some thermally
stable intermetallic phases which improves the creep resistance at elevated tempe ratures,
however does not influence the creep mechanism.

Keywords Creep, AZ91, Die cast, Mild steel cast, Thixoform, intermetallic phases
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2.6.2. Introduction

Due to their extraordinary combination of properties (e.g. light weight, good corrosion
resistance, ductility and cast ability) magnesium (Mg) and their alloys daghaopularity

in a wide variety of structural applications including automotive, aerospace, materials
handling, telecommunication and portable microelectrofliid5]. It can be even replaced

with some polymers such as polyethylene nabmposites because of their close mechanical
propertieg6]. Like other HCP crystal structure materials (Ti, Zr $1¢) [8] They have very

low ductility and named difficult to work materials. Over the years manyaMyys have

been developed to achieve better performance. Al, Zn anfBMre the primary atlying
elements in commercial Mg alloywith AZ and AM series (containing Al, Zn and Al, Mn
respectively) being commonly used in automobile industries. AZ91, AZ31, AM60, AM50
and AM20 are the most popular Mg alloys containing 9, 3, 6, 5 and 2 wt% ofpsiatesely.

These alloysxhibit relatively good performance in die casility. Depending upon their
concentration and temperature, the alloying elements are present in solid solution or form
different intermetallic phases. Intermetallic phases presdhesge alloys play important role

in determining their physical and mechanical propef¢sMg;-7Al 1, is the most commonly
observed equilibrium termetallic phasef (phase) in these alloy40] while other phases

such as MgAli2Zngs have been reported to form in -£ontainirg Mg-Al alloys [11].

These intermetallic phases improve room temperature mechanical properties due to their

higher strength. However,mgerature stability of these phases is poor and their low melting
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points result in softening beyond 1®0[12], [13] which leads to a serious limitation on high
temperature applications of Mg alloys.

Depending on the underlying creep mechanism, it is conventional to categoriz almo
metals into class | or class Il alloj#4]. Class | (also known as class A) alloys generally
exhibit a viscous glide controlled creep with not well formed-gt#ins, no or little primary

creep, stress exponent between 3 and 3.5 and their dislochtion si t y vZr yi ng
according to the bemgythempplied sfraséhereasnclass H @rclass U

M) alloys exhibit a climb controlled mechanism, wiglimed subgrains, large primary creep
region, stresexponent about 4.5 and againithdislocation density increasing with the stress
raised to the power 2 according to the Taylor equation. It is generally believed that glide and
climb of dislocations happen in both classeallafys, however the rate of dislocation glide in

class | allog is lower than that of climb due to locking of moving dislocations by solute
atoms. Viscous glide is the dominant creep mechanism in moderate stresses in class | alloys.
In higher and lower stress regimes, they transition to climb mechddiSin [16]. At
elevated stresses dislocations unlock from the solute atoms and their glide rate will increase
[15] while at lower stresses climb becomes dominant due to sequential proce$s6jules

By contrastcreep in class Il alloys is due to dislocation climb with no such transitions while
both classes exhibit powdaw breakdown at high stresses beyond ghautO.As lower
stresses are approachedthoof the mentioned alloys exhibit transitions to creeghanisms

such as grain boundary sliding, Nabakterring, Coble and Harpédorn creed14], [15].
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AZ91, containing 9AI1Zn (wt%) with a smallquantity of Mn (<0.3 wt%), is one of the most
successfully used commercial Mg alloys in automobile indugti¢id8]. Since this alloy

and its predominant intermetallic phase (iYAJ1,) have relatively low melting points (~
600 C and ~ 450C respectively) creep is one of the main degradation mechanisms in
engineering applications. Addition of different elements including some rare eanthiges

the microstructure and develop some thermally stable intermetallic phases which can
improve high temperature mechanical propeifdés[5], [18]i [20] .

The aim of this study is to reviewsdts from the literature and analyze them in the light of
existing creep theories to develop a unified comprehensive understanding of the creep
behavior of AZ91 alloy. A brief outline of general microstructural features is presented
before describing theffects of manufacturing and alloying elements on creep characteristics.

2.6.3. Microstructure of AZ91

Due to the critical role of the intermetallic phases in creep resistance of AZ91 alloys,
microstructure analysis has been point of interest since last twadedec#®revious
investigations show that microstructure can strongly influence on the primary creep regime,
creep resistance and rupture mechanfBbph As cast AZ91 contains eutectic hagphase of

Mg [22] with continuous and discontinuoirstermetallic Mg-Al 1, precipitates lf phase).
Various mechanisms including solgelvent atomic size difference, pretgiematrix

misfit, and solute segregation are responsible for the appearance of discontinuous
precipitation[23], [24]. continuous precipitations have more influence on increasing the

creep resstance of AZ91.Theb precipitates are distributed either (i) along the grain



61

boundaries mainly transformed from the supersaturated liquid phase at final solidification
state or (ii) inside the grains formed by secondary and higher order brah24ing25]
(Figure 34). Although b phase can increase the hardness, yield stress and UTS of AZ91
alloys, a continuous network along the grain boundaries can causgrametar fracturd 2]

and decrease the ductili#y. Moreover, it is thermally unstable and dissolves in the matrix at
high temperatures thereby becoming relatively s&y. comparison, AZ91 loses its
mechanical properties at higher temgiares more than other Mg alloys with thermal stable
precipitation. Figure 35 is a comparison of temperature dependence of the mechanical
properties of AZ91 and TAS831 (7.79wt% Sn, 2.73wt% Al, 0.70wt% Si, 0.69%t%

0.19wt% Mn) containing Mgpn precipitate§4].
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2.6.4. Production Methods Microstructural approach

Various production methods have been developed to manufacture Mg alloys for industrial
applications. High pressure die casting, mild steel casting ardféiming are most popular
production methods used to produce AZ91. These production routes have extensive influence
on the final microstructure of the alloy. Grain size of primamghase, amount of Al in solid
solution, and volume fraction and distrilmut of b phase[27] which govern the creep
properties of Mg alloys are influenced by the production method(s). Owing to the importance
of creep resistance of Mg alloys in engineering applications, creep experiments have been
conducted on various AZ91 allopsoduced via different processing routes.

2.6.4.1Microstructure of Die Cast AZ91

High pressure die casting is widely used to produce AZ91 Mg alkBk Due to rapid
solidification during die casting, alloys lose their chance to reach equilibrium condition
which | eads to a decrease in grain size wi
intermetallic phaseFigure 36 reveals general microstructure of -aiast AZ91 alloy
consisting of pr iemecticyrhisUnicrgstraciure kadsata a powew b
dependence of creepte at lower stresses (3B < i <*G)Owith exponential variation at

higher stesses (>16G) as demonstrated iRigure 37 [4], [11], [28]. Based on stress

exponent of 5.5 and activation energy close to that fordsi@lfsion, it has ben concluded

that creep mechanism could be a dislocation based mechanism similar to those described for

pure metals and cla$g alloys based on climb of edge dislocations. In fngure 37, the

temperature variaties of the shear modulus (G) and diffusivity (D) are given by,
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G (MPa) = 18,46.2T with T in K[29] (18)

D (m?s) = De¥RT, with D=1 10*m?s and Q = 135 kJ/md21] (19

where R is gas constant and Q is activationgnfar lattice diffusion.

Figure36 Typical microstructure of dieast AZ91 alloy$21]
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Figure37 Creep data for die cast AZ§], [21], [28]
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2.6.4.2Microstructure of Mild steel casting AZ91

Mild steel casting is the most conventional way of podagi Mg alloys. In this route, the

primary ingot is melted in a mild steel crucible in £gdd/or Sk environment. Melted ingot

is poured to a preheated permanent mold after reaching the temperature al3ové3@80

of the creep studies carried out on mild steel casted AZ91 alloys used materials produced via
similar method. Samples were given T4 and T6 heat treatments prior to the creep tests.T4
heat treat ment di ssol ves t he threaqména®rens i nt o
di scontinuous stable b precipitates in | amel
like precipitates within the graifi], [30]. Solidification rate is slow and the microstructure

results inUMgand b precipitation close to grain b
phase appears in the dendritic form in the microstructure as depicteduire 38. Creep

studies indicated transition in the valuef n from ~2 at low stresses td.6 at high stresses

(Figure 39). This typically is indicative of a change in creep mechanism in the alloy with
increasing temperature or decreasing stress. n=2 usually correspatitfasion controlled

creep mechanism like grain boundary sliding, a creep mechanism that becomes significant at
intermediate stress and temperature levels. Whereas n=10 at higher stress regime is

suggestive of a dislocation based creep mechadigsim[19], [30]i [32].
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Figure38 Optical micrograph of as cast AZ9Wild steel casting17]
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Figure39 Creep results for mild steel ¢a&sz91[17], [19], [30]i [32]

2.6.4.3Microstrudure of Thixoforming casting AZ91

Thixoforming has been established as a semi solid method of producing Mg alloys. This
relatively new route is highly adopted in production of different Mg parts of automobiles
which contain characteristics of both castangd forging[33]. In this process a preheated

semisolid metal (slug) is squeezed into the die cavity from a nahwle in the upper or



67

lower dig34][35]. Figure 40 demonstrates a schematic of vertical injection type of
thixoforming process where a preheated slug is injected through the gate in the lower die
[34]. Figure 41 shows the microstructure ahixoformed AZ91 alloy depicting dendrite
shape of U phase and eutectic particles of
and the average size of the small U grains
Creep results plotted iRigure42 exhibit a poweilow dependence with a stress exponent of
around 7 and activation energy of 138 kJ/mole. Spigarelli ¢t]Jahnalyzed the similar data

using Sinh function with stress exponent of 5.

SENNNN
ﬁ\ﬁkﬁ\\g MR
RRANNNNNNARNN DRAERS

Injection piston —!>Hydraulic cylinder

Figure40 schematic strcture of a vertical injection type of Thixoformifi§g]
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Figure41 Optical micrograph of Thixoformed AZ91 all¢¥]
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Figure42 NormalizedCreep results for Thixoformed AZ91 all¢ij

2.6.5. Additional alloying elements

As mentioned earlier the creep behavior of Mg alloys highly depends on the intermetallic
phases which are harder than matrix. Due to low thermal stability of thgAMgphase and

its incoherency with Mg mat ( Mg has hexagonal crystal structure while ¥, is
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cubic), AZ91 suffers from flaw initiation and cavity formation at elevated temperatures
leading to lower creep resistari@]. Since last two decades, researchers tried to form some
new thermally stable intermetallic phases in Mg alloys by adding different alloying elements.
These stable precipitates can as obstacles against grain boundary movement and enhance
creep resistance of Mg alloys at relatively higher temperatures. However, at high enough
temperatures, close to melting point these phases dissolve in the matrix and facilitate grain
boundary movemnt leading to grain boundary sliding to be the dominant creep mechanism
at lower stressef37]. Effect of various intermetallic phases on creep resistance 6l AZ
alloys is summarized in this section following a brief description of the microstructures.

2.6.5.1Si addition

Addition of Si in AZ91 forms MgSi intermetallic phas¢24], [30], [38]i [40]. Mg alloys

containing MgSi precipitates are receiving attention of desggineers as a promising light

heat resistant Mg alloy for automobile engine applicatjdta Figure43 reveals a so called

AChi nese s cr i, atdhe grdinabsundares for M491 with 0.5 wt.%Bhis

phaseforms under slow cooling condition and deleterious to tensile propgl&sSi can

al so control the mechanism of b phase precicg
to an increase in the creep resistance of the alloys at elevatestatungg30][42]. Previous

studies show thabi does not form any compound with Al and also has low solubility in Mg.
Figure44r eveal s t he EDX ,8i@sases. titshowsfthatUncreasing thév g
amounts of Si only increase the size and amount gSMgrecipitates with no influence on

the content of thé phasd18], [42], This means that unlike other alloying elements (such as
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REs which can modify the microstructuand decrease the amountbophase), Si is not a
refiner or modifier folb phaseFigure45 shows the existence of Mg along withb phase in

AZ91 alloys with 2 wt.% additional Si.

Figure43 SEM microstructure of Chinese script form of }8g[42]
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Figure45 SEM microstructure of Mgpi (AZA91+2 wt.%Si)[18]

Meshinchi Asl et. al[18] tried to show the influence of various amount of Si (0.25, 0.5 & 1
wt%) on the creep properties of AZ91 at 2Q0Figure 46 reveals the creep resistance of
these alloys. It is clear that the creep resistance has been improved by the presence of new
intermetallic phases. AZ91 with 1 wt% Si shows very lower creep rates cerpahe

original AZ91. To find the dominant creep mechanism they calculated the stress exponent (n)
along with activation energy (Q). The slop of the logarithmic plot of minimum strain rate
versus stress can show the stress exponent. Semi log plot iof rsti@ vs. invers of
temperature can reveal the activation energy. The results showed a stress exponent of n~4 for
AZ91 with 1 wt.% Si which is slightly lower than original AZ91 (with n~5.5). The activation
energy is increase a little (Q~119 KJ/mol for®Zand Q~128 KJ/mol for AZ91+1 wt.% Si).
Activation energy enhancement is related to its higher creep resistance. The appearance of
thermally stable Mghbi particles along grain boundaries can hinder grain boundary

movement, migration and sliding at elexchtemperature. This will result to a higher creep
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properties in AZ91 alloys with §iL.8]. Dislocation climb is dominant creep mechanism in

both alloys.
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Figure46 Influence of Si additions on steady state strain ratésZ8fl alloy [14]

2.6.5.2Sb and Bi additions

Sh and Bi are the next most abundant alloying elements which have been added to AZ91 to
improve high temperatar creep resistance. These alloying elements can make some
thermally stable intermetallic phases such ag¥gand MgBi,. Moreover, they are able to

refine the preexisting MgAl 1, intermetallic phases. Microstructure observations reveal that
additional ® or Bi can effectively suppress discontinuous precipitatioris phase during

aging process. Rod shaped 8 and MgSh, precipitates are mostly distributed along grain
boundariesFigure47 shows the microstructure of the AZ®vith/without different amounts

of Bi and SbFigure47 (b-d) show new thermally stable intermetallic phases along with their
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influence on the b phase. They modi fmored t he
uniform distribution[43]. MgsSh, with a melting point of 1228 (around 3 times more than
Mgi7Al12) would be much more stable thanphase at elevated temperatures leading to
higher creep resistance (around one order of magnitude more than @291figure 48

shows the thermally stable rod shapeds;$tg precipitation after aglution treatmentlt has

also been reported that a combined addition of Si and Sb can change the shape of the Chinese
scriptMg,Si to a polygonal shap€&igure49shows the microstructure of AZ91+0.5Si+0.2Sb
(wt.%). The modification mechanism of fine polygonal }8gformation is nucleating from

MgsSh, particles. Moreover, additional Sb can decrease the grain size of the alloy. The grain
refinement is mainly due to the appearance of finely distributed polygondigcipitates

in the interface of soliiquid phase during solidification which can restrain further grain
growth. Such modified microstructure results in improvement in tensile properties, toughness
and creep resistance as compared to the original afogure 50 shows the influence of

various amounts of Si, Sb and Bi on the stestdye creepate of AZ91 alloys at 2Q0. It is

evident that the addition of these elements improves the creep resigtanoe 1) due
essentially to the presence of thermally stable intermetallic phases. The maximum creep rate
is related to the alloy with combined addition of Sb and Bi. It is interesting to note that
Gyangyin et al.[32] obtained the Q valuef 130 ~140 kJ/mole, close to that for self
diffusion in Mg [44] with a stress exponent varying from 4.2 to 5 indicating that creep in

these alloys is cordlled by the climb of edge dislocations.
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Figure47 Microstructure of AZ91 with/without different amounts of Bi and Sb (a) AZ91 (b)

AZ91+2 wt.%Bi (c) AZ91+0.4 wt.%Sb and (d) AZ91+1 wt.%Bi+0.4 wt.%32)
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Figure48 Microstructure of the Reghaped MgSh, phase at the grain boundaries of the

solution treated AZ91+0.3wt.%Sb[31]

Figure49 Microstructure of as cast AZ91+0.5 wt.%Si+0.2 wt.%Sb)
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2.6.5.3Rare earth elements addition

Addition of different amount of rare earth elements (REs) forms thermally stable needle
shaped precipitates which can provide superior creep resistanggared to the original

AZ91 [18], [19]. Figure 52a shows the AIRE; intermetallic phase which form due to

addition of REs in the form of cerium rich misch metal to the AZ91 Mg alloy. Tlaesiear

shape particles surround the original b pha
solution treatment at 40@ for 24 hours, whereas thephase dissolves in the matrix due to

its lower melting point as revealed Figure 52b [19]. As long as Al is in the melting

material, the REs do not have any reaction with Mg. In other word, Al, in the first step, is
consumed to form the ARE; and the rest of them in&t with Mg to formb phase. Thus,

further addition of RE can decrease thphase and make the /ARE; coarser. As a result
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the grain boundary migrations are hindered at elevated temperatures and the dislocation
climb control creep is still the dominaateep mechanism. Improvement in creep resistance

at 200 C due to RE additions is noted Figure 53[19].Nd and Y are other rare earth
elements highly useful in Mg alloysh&y make AINd and AbY intermetallic phases and in
similar mechanism, act as obstacles against dislocation slip leading to an improvement of

their creep resistang¢é5].

ALyREy— & o

SEM MAG: 465X DET: SE Detector
HV:155.04 kv 100. pm
Vac: Hivac

(@) (b)

Figure52.Microstructure of AZ91 + 2t.% RE alloy (a) before solid solution contains huge

amounts of eutectic b3 forR4houasfAlResremsinsl i d s ol

unchanged with no[l8 phase in the

u

m
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2.6.5.4Sn addition

The influence of Sn addition on the creep properties of AZ91 Mg alloys have been studied in
Ma h mu di 0[g6]. r camu improve the strength of the Mg alloys via solid solution
hardening mechanism. Moreover it can form thermally stablgSMgntermetallic phases,
distributed along the graimoundarieskFigure54 shows the optical microstructure of the base
AZ91 and with additional Sn. |t Mg phadee ar
dendrites andb particles in the intedendrite spaces. However, the coarse dendritic structure
of the base AZ91 is refinad the alloys with additional Sn. The new alloys have also finer
structure. The relative XRD patterns are depicte@igure 55. It shows that the peak for
Mg.Sn is appeared only for AZ91+2 wt.%Sn. This is made to increase in the volume
percent of that in comparison to alloys with 0.5 and 1 wt.% Sn. The thermally stai$a Mg
precipitates have a significant influence on the improvement of the high temperature creep
resistance of the AZ91 alloys. They can reglthe volume fraction of the phase and break

their network structure and make them more unifdfigure 56 compares the continuous
structure of precipitates of the base AZ91 with broken and more uniform s¢ruatur
AZ91+2 wt.% Sn. Studies show that the stress exponent and activation energy of the 2 wt.%
Sn addition alloys is n ~56.9 and Q ~ 110 ~ 150 kJ/mol respectively, indicating that the

dislocations climb is still dominant creep mechanism at lowersstres

t
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Figure54 Optical microstructure of (a) AZ91, (b) AZ91+0.5wt. wt.%Sn, (c) AZ91+1wt.%Sn

and (d) AZ91+2wt.%S6]
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Figure55 XRD patterns of AZ91 without/with different amount of $46]

Figure56 SEM microstructure of (a) AZ91 (b) AZ91+ 2wt.%346]
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2.6.5.5.Ca addition

Amberger et aJ47] investigated the influence of Ca addition on the microstructure and creep
properties of the AZ91 Mg alloys. Thermodynamically,@d along with the originab

phase are the intermetallic phases which can formanA®91 with additional Ca. SEM
analysis revealed that adding some amount of Ca can make the intermetallic phases more
skeletal and finer. As far as the thermodynamics of the reactions are concerned, with
increasing the amount of Ca the fraction op@d ncreases while thb phase decreases.
Figure57 shows the SEM microstructure of the AZ91 without/with different amount of Ca.
The original A Z 9-Mg andbtheb phase. dt is lear thea with indteasing
amount of Ca up to 5 wt.% the skeletal type intermetallic phases incré&agat57a & b

reveal the microstructure of the AZ91 with 0 and 1 wt.% Ca. There are no skeletal type
particles in the matrix. However for 3 and 5 wt.% Ca addittagure57c & d) the skeletal

like structure of the particles are clear. Creep analysis at elevated temperatures (150 and
200 ), conducted by Amberger et al revealed an increase in the creep resistant with
increasing the content of Ca. This is due mainly to the thermal stability of the skeleton shape
intermetallic phase. Dislocations climb again is the dominant creep mechanitdmsi

alloys.

The influences of simultaneous alloying Ca with other elements including REs or Si were
also studied. Esgandari et[@D] showed that a combined addition of Ca and RE elements
can suppress the discontinuous precipitatiob phase and decrease the hardness of alloy.

Figure58 shows theSEM image of AZ91 with 1 wt.% REs and 1.2 wt.% Ca. Two different
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phases with acicular and lamellar morphology can be seen in the microstructure. Their XRD
analysis revealed that these phases are related to thREAlnd ALCa intermetallic
compounds. Wewen et al[17] showed a combined addition of Ca and RE elements can
improve the creep resistance of the alléyg@re 59). This is mainly due to refining the
original structure and improving the thermal stability of the originghasd17].

Addition of Ca to the MeAl-Zn-Si alloys can provide some nucleation sites and modify the
Chinese script MgHi to polygonal shape. The final structure is finer and more uniform. In
addition, the grain size of Ca modified alloy is finer than the original allbg. mechanism

is very similar to the Sb modified alloy, however, less effective. Such modification can lead

to large improvement in mechanical properties as compared to the origing#alloy
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Figure57 SEM microstructure of th@a) AZ91 and AZ91 with (b) 1 wt.% (c) 3 wt.% (d) 5

wt.% Ca.[47]

Al;1RE;

Figure58. Microstructure of AZ91 + REs + 1.2 wt.% (48]
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Figure59 A comparison between the cresgies of different AZ91 alloys with/without
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2.6.5.6lneffective REs

Although there are many reports on the obvious effect of addition of some REs on the
improvement of creep resistance of AZ91 allay]i[19], [45], some RE elements, like Ce,

have small or no influence on creep properi#s. Steady state creep rates of these alloys
indicate that additin of Ce in the AZ91 alloy has insignificant effect on the creep properties

of the AZ91 alloy. This is attributed to the facts that (i) the,@é; precipitates decrease the

grain size Figure 60) enhancing grain dundary sliding and (iijalthough Al;Ce; is a
thermally stable precipitate, it changes during creep tests from a needle shape to granular

shape Figure61), leading to poor creep resistar{ds].
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Figure60 Effect of adding some REs on the grain size of AZ91 alloy, higher amounts of Ce
leads to decrease the grain size A@91 (b) AZ91+0.5 wt.%Ce (c) AZ91+1.0 wt.%Ce (d)

AZ91+1.5 wt.%C§45]

Figure61 SEM microstructure aAZ91+0.5 wt.%Ce (a) before creep test (b) after creep test

[45]
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2.6.6. Conclusions

The first part of this study is focused on the role of production method on the creep
medianism of AZ91. Creep behavior of AZ91 alloy produced via three different routes of die
casting, mild steel casting and thixoforming is reviewed. Analyses revealed that high
temperature creep mechanism of the alloys, produced via different methods t&@kssen
similar. Grain boundary sliding at low stresses and dislocation climb at higher stresses are the
underlying creep mechanisms for this alloy. The second part of the study is a review on the
influence of different additional alloying elements on theep resistant and its underlying
mechanism. Adding some alloying elements such as Si, Sb, Sn, Ca, Bi, REs and combined
addition of them can develop some new thermally stable intermetallic phases and modify the
microstructure, leading to improved creep gedies at elevated temperatures, however,
ineffective on underlying creep mechanism. Ce, a rare earth element, showed negligible
influence on the creep resistance of the AZ91.
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3. Microstructure evolution and dislocation density measurement during creep

3.1. Microstructural development of high temperature deformed AZ31 magnesium alloys
Peiman Shahbeigi RoodposhfApu Sarkar, Korukonda Linga Muyrt

North Carolina State University

Materials Science & Engineering A 626 (2015) 1T9R

3.1.1. Abstract

Due to their significant role in automobile industries, high temperature deformation-of Mg
Al-Zn alloys (AZ31) at constant stress (i.e. creep) werdiesiuat a wide range of stresses
and temperatures to characterize underlying deformation mechanism, dynamic
recrystallization (DRX) and dislocation density evolution. Various microstructures (e.g. grain
growth & DRX) are noted during steagjate creep méanisms such as grain boundary
sliding (GBS), dislocation glide creep (DGC) and dislocation climb creep (DCC). Although a
combination of DRX and grain growth is characteristic of low stacking fault energy materials
like Mg alloys at elevated temperaturebservation reveals grain growth at low straates

(GBS region) along with dynamic recovery (DRV) mechanisrRay Diffraction (XRD)
analysis revealed a decrease in dislocation density during GBS region while it increased
under dislocation based creepahanisms which could be related to the possible DRV and

DRX respectively. Scanning Electron Microscopic (SEM) characterization of the fracture

% Corresponding author. Tel.: +1 919 757 7030, Fax.: +1 919 515 5115
E-mail address: pshahbe@ncsu.edu
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surface reveals more intgranular fracture for large grains (i.e. GBS region with DRV
process) and more dimpkhape fracture for small grains (i.e. DGC & DCC region with
DRX).

Keywords: Creep, AZ31 Mg alloy, Dynamic Recrystallization, Dynamic Recovery,

dislocation density

3.1.2. Introduction

Mg-Al alloys and in particular M@AI-1Zn have aroused significant émést in last two
decaded1]1[9] due to their wide uses in automotive industries. Like other hcp crystal
structure materials, they are categorized as difficult to work alloys at room tempejdlires
Researchers tried to analyze high temperature deformation behavithese alloys to
improve their mechanical properties at elevated temperatures. It is well known that their poor
creep resistance at higher temperatures is due to intermetallic phase dissolving in the matrix
[11], [12] which leads to clamping load reduction in bolted joints in pena@n components

of automolies][6] Previous investigations revealed various mechanisms to be indicative
during high temperature deformation of magnesium glidyswith the strairrate related to

the applied stress by weéthown poweraw equation:

- 0, QoA , (1)

where n is the stress exponent, A is a material constant, Q is theactivation energy for creep, R
is the gas constant and T is the absolute temperature. The stress exponent depends on the

underlying creep mechanisrm~2 is related to the grain boundary sliding, n=3~3.5
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dislocation glide and n=4.5~7.5 is related to dislocation c[Bhb[11]i [19]. DRX is one of

the most significanmechanisms for grain refinement and improved mechanical properties
during hot working,[20] which reduces the flow stress of deformafii]. Unlike high
stacking fault energy metals, DRX is a common phenomenon during high temperature
deformation of low or medium stacking fault energy metals, such as magn@alif27].

In Mg-Al alloys, limited number of slip systems and higher grain boundary diffusion rate can
also stimulate DRX21]. Various investigations showed that during DRX new equiaxed
grains appear on the preexistent grain boundaries when the dislocation density reaches a
critical value[27]i[29]. Although there are some reports on the influence of primary grain
size on DRX[21], [30] new grain size is generally independent of the initial grain size and
mostly related to the deformation conditiojl]. Like any recrystallizatio process (i.e.
proceeding with nucleation and growth) recrystallization of fine grains is faster than in coarse
grains due to higher nucleation sites for DR34]. It is well understood that by increasing

the temperature and ain-rate more nucleation sites appear which leads to easier DRX and
more grain refinemenf32] while, stress, another essential parameter for DRX, does not
influence the nucleation behavior and may strongfiect the kinetics of plane strain
deformation[33]. At higher temperatures the microstructure is more homogeneous albeit

there is more grain growth due to higher grain boundary migration and diff@Ggipn

Continuous DRX (CDRX) has been identified in Mg allgyk [31], [35]i [41] and in many
cases a power law relationship has been shown to relate deformation conditions to the

dynamically recrystallized grain sizg30], [42]i [45]. During CDRX unlike conventional
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DRX, production of high angle grain boundaries during high temperature deformation has no

influenceon the nucleation and growth of grains on preexisting grain boungties

In this study, the creep deformation of AZ31 magnesium alloy was investigated at high
temperatures ranging from 503 to 623 Ke (0.53 ~ 0.68 J) to evaluate underlying
deformation mechanisms, grain size distribution and the existence of DRX at different stages.
XRD technique has been employed to measure dislocation density at various stages and

relate it to possible DRV and DRX.

3.1.3. Experimental Procedure

A commercial grade AZ31 magnesium gliwith chemical composition of Mg.8AI-1.1Zn

(in wt. %) in the form of a rod with dimensions o€ ¢ chas been used in this
research. Dogpone type tensile specimens of 25 mm gage leriggule62) were nachined

out of the rod. The samples were annealed for 2 hrs in argon atmospheres aad@&0
furnace cooled to room temperature to attain homogeneous equiaxed grains. Three
dimensional microhardness tests were made to ascertain that it is fully homogeratied
directions. High temperature creep tests at constant load were performed a2Z8) and

350 with the tensile axis parallel to the rolling direction. The experimental setup used to
perform direct load creep tests consists of an extensometerLameba Variable Differential
Transducer (LVDT) to measure the axial strain. A three zone split furnace was used to heat
the sample. The specimens were held for 30 minutes to equilibrate at the testing temperature

prior to loading. Creep tests were perfedrunder stresses ranging from 1 MPa to 70 MPa
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for dwell times of 3 minutes up to few weeks. The creep tests were performed in unprotected

(air) atmosphere and no oxidation appeared on the surface of the sample after the test. By the
end of the tests, thepecimens were cooled under load to room temperature to preserve final
stage crept mi crostructur e. True strain (U
di spl acement of the extensometer {apdl) and t
through he basic for mulgaeamd o)i=i(+Hantabspecitely. The
microstructure and chemical composition of the sample were examined by a {3286hi

Scanning Electron Microscope (SEM) equipped witha¥ energy dispersive spectroscopy

(EDS). XRD experiments on the starting and deformed samples were carried out using the
Panalytical Empyrean -Ray Diffractometer equipped with advanced PIXcel 1D detector. In

situ high temperature XRD study was performed on the starting Mg alloy sample to
investigde the thermal stability of the precipitates. Sample was placed inside a furnace at a
vacuum of 310° torr and heated from ambient temperature to 45@t a rate of 5C/min.

Diffraction profiles were recorded at 5C interval. For optical microscopyhe specimens

were polished with SiC abrasive paper followed by intermediate polishing using 9um, 3um

and 1um glycobased polycrystalline diamond suspensions with 3 separatevowen

textile polishing cloths. To clean the sample after each step of pgjjsthie surface was

rinsed with ethanol and then sonicated into an ethanol bath to wash away any residual
contaminates from the surface. For final polishing, 0.04um colloidal silica was used along

with napless polyurethane cloth. Samples were finally dtébe5s with a solution of 5ml

Picric acid, 10ml acetic acid, 10mb@ and 70 ml ethanol. To prepare Transmission Electron
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Microscopy (TEM) foils, samples were thinned by standard twin jet elpciishing

technique with a solution of 5% HCJ@nd 95% dtanol.

Figure62 Schematic of the degone shaped tensile specimens

3.1.4. Results and discussion

Optical micrograph of an annealed sample, grain size distribution andmaiginess values
along the three directions are shoin Figure63. It is clear that the material has an equiaxed
grain structure with average linear intercept grain size (ALIGS) of ~17 um and homogeneous

mechanical properties in all 3 dimensions.
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Figure 64 shows the TEM microstructure of the annealed sample and corresponding
diffraction pattern for matrix and precipitateDiffraction pattern of the matrix with zone axis
of [ ] is indicative of the hcp crystal structure, while the precipitates have different

crystal structures.

Figure64 TEM micrograph of annealed sample along witifrdction pattern of matrix and

precipitates.

A large number of creep tests have been performed at stresses ranging from 1 to 70 MPa.
Depending on the creep conditions (stress & temperature) a wide range of creep curves with
very low to large primary cree(stage I) regimes was noted. During this stage creep rate
continuously decreased as a function of time followed by ststady creep regime (stage 1)

in which the straifrate remained constant. With increasing stress and/or temperature the

secondary sige becomes shorter while the sample experiences a large primary6greep.
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Figure65includes creep curves at laand high stresses along with the corresponding strain

rate vs. time plots.
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Figure 5a shows a double log plot of steatie straiar at e v s . nor mali zed
being temperature dependent elastic modulus) of several creep tests conducted at different
temperatures and stresses. The temperature dependence of elastic modulus was obtained from

eq. (2)[13].

O c® p&C pT YFYin MPa (TinK) )

It is evident from the plot (Figure 5a) that the data for stesale or mirmum strainrate vs
normalized stress follows power law behavior for a particular temperature. However, the
slope changes with stress indicating transitions in creep mechanism(s). Data peigisen

66 are fitted using equation (1) to determine thesstexponent (n). Three different values of

n were obtained: n~2 related to the grain boundary sliding at low stresses, n~3 dislocation
glide at intermediate stresses and n~7 dislocation climb in high stress regime. Similar results
were obtained for other Ylalloys[6], [13]. A semilog plot of steadystate strairrate vs.
inverse of temperature €T T in K) is used to detmine the activation energy for creep at
different regionsFigure 6® shows the data for regions I, Il and Il corresponding to low,
intermediate and high stresses. An activation energy value of 87 kJ/mol was obtained for
region I, 119 kJ/mol for regioH and 122 kJ/mol for region lll. Activation energy value of

87 kJ/mol is identified with that for grain boundary diffusionsgRin Mg and its alloys

while the higher value of 120 kJ/mol in regions Il and lll is close to that fordg&ision

[13]. The weltknown ZenetHollomon parameter (Z) can relate the stnate and

temperaturedd - A @B 'Y"Y. Figure 6@ and 5d reveal the Zenklollomon parameter



109

vs. dimensioress stress wh Q=Qsg and Q=Q respectively. Calculation of Z parameter
with Qgg leads to coalescence of data in region | whilecQalesce data in region Il and Il
into a single curve. This parameter plays a significant role in microstructure of the crept

samples aththe appearance of DRX as discussed in the following.
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A stress exponent of n~2 along with activation energy of 87 kJ/mol (close to grain boundary
diffusion) is related to the GBS creep mechanism. It is well known that(@XH0.8Q and

in present study it is €&~0.7Q. The stress»@onent of n~3 combined with activation
energy of 119 kJ/mol suggests the operation of dislocation glide creep mechanism in region
Il [15], [47] as noted in many cladsalloys, and finally a stress exponent of naiid
activation energy of 122 kJ/mol in region Il is the characteristics of edge dislocation climb
[15], [47] noted in pure metals and cla$slloys. Because dislocation glide and climb are
sequential processespwer one can be rate controlling. In region Il (n~3) solute atoms lock
moving dislocations and make their movements slower than annihilation of dislocation by
climb. Thus in class A alloys the rate of dislocation glide can control creep process ahd this
commonly known as microreep. A uniform distribution of dislocations in the grain with no
subgrain boundaries (described by Muf#8], [49]) is characteristic of this region. In pure
metals (or class Il alloys), however, there are no obstacles against glide movement (except
Peierls hills) leading to dislocation climb to be the domiraeep mechanism. Tilt and twist
subgrain formation is the predominant structure in the grains in this rdg@n It is
interesting to note that such a transition from elassclassll is predicted by Murtfp0] to

occur at around ITE given by the critical stress needed to unlock the dislocations from
solute atmospheres. After this point, higher stress exponent is expected as noted in the

current region 1.
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3.1.4.1. Microstructural evolution during creep

Figure67 (a & c) show the microstructures from grip and gage regions respectively of the
sample crept at 330, 4 MPa (region I)Figure67 (b & d) show the corresponding grain size
distributions. The ALIGS of ~34 um is clear evidence of grain growth at higher
temperatures. The grain size distribution in the gage section is similar to that in the grip
region. It is clear that there is no evidence of DRX in this region whereas it is very
susceptible to DRV. Increasing the temperature and decreasing theratigatan improve

the rate of recovery. These two parameters can relate to each other vkaovmeil Zene-
Hollomon parameter (Z). The total amount of recovery increases by decreasing the Z value,
i.e. at elevated temperatures or lower strates dislocations are more susceptible to be able

to reorganize themselves into low energy arf&gs.

There is clear evidence of DRX (i.e. the creation of new grains nucleating at previous grain
boundaried52]) at higher stresses at 350 In region Il (DGC) and Ill (DCC) there is a
combination of DRX and grain growtkigure 67(ei j) show the optical micrographs along

with grain size distributions of the sample tested at33%hd 13 MPa in grip and gage
regions. It is clear that graigrowth appeared in the grip region similar to sample crept at 4
MPa; however the ALIGS is lower. This is mainly due to the sample remaining shorter time
at elevated temperature. The microstructure of crept sample after 24 hours (i.e. the early
stages of sladystate creep deformation) reveals two different grain size distributions with

ALIGS ~9 and ~25 as revealed kigure 67(g i i). The small grains are new born grains
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which appear close to the pegisting grain boundaries. Another test has been dosanat
conditions of temperature and stress to reveal the microstructure after 72 hours which is close
to the end of steadstate deformation and a homogeneous microstructure is the result of long
time DRX (Figure 67 (j)). Figure 67includes the optical micrograph of sample crept at
35 , 36 MPa. Appearance of a large number of small grains on the preexisting grain
boundaries indicates that severe DRX occurs at high stresses. Large number of dynamically
recrystallized grains consumed most of the preexisting graiigsre 67shows seated grain
boundaries that are susceptible to DRX]. Investigation of the microstructure of the crept
samples at lower temperatures (228 2703 ), by contrastreveals higher grain growth at

GBS regions (region ) (ALIGS ~41umligure 67(m & n) depict the microstructure and

grain size distribution of the sample tested at 270, 15 MPa. The ALIGS of ~41 um reveals
the appearance of very big grains under thestectenditions. Similar test at higher stresses

(45 MPa, DCC region) shows very small number of dynamically recrystallized grains along
with serrated boundarieF-igure 67. Elevated temperatures can help the structure to
reorganize under the influence dfasn and stress, and provide an opportunity for new born

grains to grow.
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Figure67 Microstructure/ grain size distribution of crept AZ31 at 8504 MPai grip
region (a & b) 3580 , 4MPai gage section (c & d) 350, 13MPai grip region (e & f)
350 , 13 MPa gage section after 24 hoursi503 , 13 MPa gage section after 72 hours
() 358 , 36 MPa gage section-(k 2708 , 15MPai gage section (m & n) 230,45

MPai gage section (0).
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3.1.4.2. Fractography

Fracture surfaces of the AZ31 Mg alloy at different stages reveatdranslar fracture at
low strainrates (corresponding to GBSgure 68a&b) while dimple shape fracture with
blade type edges between thdrg(ire68c&d) at higher straifrates (corresponding to DGC
& DCC with DRX). Blade type edges appear due to void coalest between dimples
whenever they reach to a certain size with a large stress concentration in the walls between

them[20].
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Figure68 fracture surfaces of crept samples of AZ31 atz356 MPa (a) 9 MPa (b) 13MPa

(c) 36 MPa (d).
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3.1.4.3. Thermal stability of MgAl 1, precipitates

Figure69 (a & b) show XRD profiles of annealed AZ31. Along with the peaks for Mg, a

peak for Mg-Al 1, around 2 of 37 is indexed in the plot. To investigate the thermal stability

of the precipitate, high temperature XRD scans up to 45Qvere carried at at 50 C

intervals. Figure70 shows the segments of the XRD profiles at different temperatures. It can

be seen that the intensity of the &1, peak decreased with increasing temperature and

disappeared afte850 C. This indicates that the Mg\l;, precipitates in the AZ31 alloy

dissolve in the matrix at around 350.
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3.1.4.4. Dislocation deitg evolution

Dislocations play important role in determining the high deformation behavior of metals and
alloys. Dislocation annihilation is the dominant mechanism during DRV, whereas low angle
boundaries absorb dislocations and transform to high angiedades during DRX20].

Thus it is interesting to determine the dislocation density in the samples deformed at different
conditions. XRD profiles of the gting material and samples deformed at different
conditions have been analyzed to investigate the evolution of dislocation density during creep
in different regimesilt is well known that XRD is not commonly used for dislocation density
measurements. Mameoretical and instrumental parameters (e.g. peak asymmetry, Peak
broadening parameter and 2d correction),

stacking faults and twins) can influence the measured value of crystallite size and
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microstrain, andtherefore dislocation density measurenié8i, However, various recent
studies show that XRD results are more &bkt than other methodS3]i [55]. XRD gives
average information from a relatively larger volume of the sample {+m1)[56] and is
suitable to estimate the dislocation density in samples with larger grain sizes. XRD profiles
of the samples weranalyzed using the Williamseadall (WH) technique[57]. In this
technique, a mathematical relation is established between the integral bf®adieage
domain size,) and the microstrair),

bcosq:i+2 a25|nqg 3)
/ Dv Q / -

A plot of (b cosl/a) vs. 2sin d/a-gives the values dJandDy from the slope and the ordinate

intersection, respectively.

Figure71 shows the WH plotor the starting material and the samples deformed at G50

at different stresses. It can be seen that for all cases intercept values are very small indicating
large domain size in the samples. Large domain sizes also implhéhbtoadening of the

XRD peaks is mainly due to microstrain resulting from the dislocations. Microstgin$ (
different samples are determined from the slopes of the WH plots. Dislocation dehssty (

then calculated using the Williams&mallman[58] formula:

- @)
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where k is the material constant (considered as 1 for magnesium alloys) and b is the
magnitude of Burgr 6 s v e c t o for.diffevemtlsamples aw fisted Trable5. It can

be seen that at lower stresses (GBS region) the dislocation density of the crept sample is less
than the starting annealed sample. Thosld be mainly due to dynamic recovery at low
stresses and high temperatures in which dislocation annihilation is dominant. However at
higher stresses, due to enhanced dislocation generation rate, dislocation density increases.
This increase in dislocatiaensity raises the stored energy of the material and initiates DRX

[20], [59], [60].
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Table5 Dislocation density of the fresh sample and crept samples of AZ31 at 850

different stresses

Stress (MPa) Fresh 4 | 6 |13|19| 33| 36
sample
Dislocation Density 7.3 31/52(81(91/98|114
O

3.1.5. Conclusions

The high temperature deformation of AZ31 Mg alloy was carried out to characterize the
transitions in creep mechanisms and corresponding microstructural evolution, dislocation
densityand fracture behaviors. Following conclusions are drawn from this study:

1- Three different creep regimes were noted. At low stresses in region |, the stress
exponent of n~2 and activation energy of Q~87kJ/mol are related to the GBS
mechanism. Grain growtlQRV, a high proportion of tranrgranular fracture surfaces
and decreasing dislocation density are characteristics of this stage.

2- A stress exponent of n~3 and an activation energy of Q~119kJ/mol in region Il are
indicative of dislocation glide mechanism a#iy noted in clas$ alloys. A moderate
DRX, grain growth and more dimple shape fracture surfaces along with a moderate

increase in the average dislocation density are characteristics of this stage.
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3- A stress exponent of n~7 and activation energy of Q«I##2ol in region Ill at high
stresses reveal creep due to climb of edge dislocations as expected in alloy class due
to unlocking of the dislocations from solute atmospheres. An advanced DRX, large
grain growth and totally dimple shape fracture along withngrease in the average

dislocation density are characteristics of this stage.
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3.2. Dislocation density evolution during creep of AZ31 Mg alloy: a shydy-ray
diffraction line profile analysis
Peiman Shahbeigi RoodposhApu Sarkar, Korukonda Linga Murty

North Carolina State University

Materials Letter§ under review

3.2.1. Abstract

X-ray diffraction line profile analysis (XRDLPA) techniqu was enygld to investigate the
dislocation density evolution during high temperature creep o0f3Mlglzn alloy. The
microstrains within the domain and dislocation density were calculated by the simplified
WilliamsontHall and WilliamsorSmallman methods. Further awsis on the possible
dynamic recrystallization (DRX) and dynamic recovery (DRV) shows a relation between the
number of dynamically recrystallized grains and the dislocation density. At constant
temperature, higher stresses lead to more DRX and an entemtcen the dislocation
density; whereas at lower stresses the DRV is dominant, leading to decrease in the

dislocation density.

3.2.2. Introduction

Nowadays Magnesium (Mg) alloys have received great attention in a wide range of
industries including autoabile and aerospace mainly due to their low density and high
specific strength. Mg is 37% lighter than Aluminum (Al) and 78% lighter than Iron (Fe). It

has close mechanical properties to some polyfi¢rand can replace them due to its lower

% Corresponding author. Tel.1919 757 7030, Fax.: +1 919 515 5115
E-mail address: pshahbe@ncsu.edu
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cost and more recyclability. However, like other hexagonal close packed (hcp) matégials
alloys suffer from low ductility at ambient temperatuf@$ mainly due to their limited
number of active slip systems. To improve its mechanical properties, researchers tried to add
some alloyng elements. The additional elements can result in some intermetallic phases that
act as obstacle against grain boundary migrations and dislocation movements leading to
improved mechanical properties. Among Mg alloys, those based oAl Mgstem, due to

their relatively higher mechanical properties, corrosion resistance and castability, received
more attention and demand for use in industrial applicatid{id]. AZ31 (Mg-3Al-1Zn

wt.%) alloy is categorizes as wrought Mg alloy and is commonly usedrious industries

due to its relatively higher formability and strength at moderate temperd8){és At
elevated temperatures, however, the intermetallic phases dissolve in the matrix ansl creep
then the main degradation mechanism at this condition. During last decades, several studies
have been carried out to investigate the behavior of the alloy at elevated temperature to
characterize its creep propert[€$i [21].

After applying the tensile stress, a large nemdif dislocations are produced in the material.
However during the primary creep region the number of dislocations decreases to reach to a
constant value due mainly to recovery processes. During the sttsddystage of the creep,

the rate of work hardémg is close to recovery rate which leads to a constant dislocation
density.Figure 72 shows the schematic of dislocation density variation durinditsteand
second stages of the creept i ehiepnsthtadbiles t hai r

dislocation density;, is the initial mobile dislocation density and t is the tinTd)e average
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dislocation density is related to the @perate, strengthening recovery and recrystallization
[22]. Thus, determination of dislocation density plays a significant role in unddargjaswth
phenomena. Transmission electron microscopy (TEM) is one of the most conventional and
direct techniques to characterize the microstructure of deformed samples including
di sl ocation densi ty, associated Buovigdee r 0 s
information with high accuracy below a certain dislocation density-{0 X 10 m?).
However a thin film of the TEM sanpoftee can
material and does not depict the information of the bulk material. Irti@udihe sample
preparation for TEM is time consuming and may cause some alteration in the structure of the
defects[23]. Another direct technique of characterizing the deformed structures is electron
channeling contrast imaging (ECCI). It is a scanning electron microscopy (SEM) method and
is based on the fact that the backscattered electron intensityhiy loigpendent on the
orientations of the crystal latti&?]. This technique has less side effect than the TEM
methods, however the sampleeparation is still time consuming and may cause damage on
the microstructure.

On the contrary, XRDLPA provides a fast, easy and more statistical way to find the
dislocation density. Sample preparation is much easier and any single test can cover a
volumeof 10° ¢ m[23]. However some limitations are attributed to the method. First of all, it

is incapable of recomdg subtle information such as the nature of dislocations, slip line width

and the nature of Burgerds vector. Second,

precise due mainly to the influence of many theoretical and instrumental parameters

P
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including peak asymmetrgnd broadening parameters, structural defects, texture and sample
condition on the measured values of microstrain and crystallite[28e In spite of the
mentioned restrictions, nowadays XRDLPA is regarded as significant in dislocation density
measurement, especially when reliable results on the dislocation density are needed.

In this study the AZ1 Mg samples were crept at 350n a stress range of 4 ~ 36 MPa. The
microstructures of the deformed samples were characterized to find the possible dynamic
recovery (DRV) and dynamic recrystallization (DRX), and their influence on the dislocation
density. The welknown WilliamsonHall and WilliamsonrSmallman techniques were
empl oyed to measure the J} at different stres
been made to date to determine the dislocation density of crept AZ31 alloy.

Creep deformation like other mechanical k®rcan influence the value of dislocation
density. Increasing the amount of applied stress generally increases the dislocation density;
however if dynamic recovery (DRV) is high enough to annihilate dislocations the dislocation
density can decrease. Theep mechanisms in allayass include grain boundary sliding in

the lower range of stresses, viscose glide of dislocations in the intermediate range of

dislocations and dislocation climb at high stre§ggq9], [10], [25].
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Figure72 Schematic of mobile dislocation density variation during the first and second creep

stages

3.2.3. Experimental procedure

Dog bone shape samples of AZ31 @@@AI-1.1Zn wt.%) were machined out from a rod

with dimensions of ¢ ¢ ¢ and the samples were annealed at3430r two hours in

argon atmosphere. The samples were furnace cooled to room temperature to achiese the mo
homogeneous and equiaxed grains. Sample characterization with optical microscope (OM)
has been done to reveal the microstructure after annealing. The sample preparation for OM
characterization includesa few steps. After polishing with SiC abrasive @apthe
intermediate polishing has been done, using 9um, 3um and 1um-gigsetl polycrystalline
diamond suspensions with 3 separate-woren textile polishing cloths. To wash away any
residual contaminants, the surface was rinsed with ethanol andahieated in an ethanol

bath. The 0.04um colloidal silica was used along with napless polyurethane cloth for final
polishing. Samples were finally etched for 8s with a solution of 7ml Picric acid, 10ml acetic

acid, 10ml HO and 70 ml ethanoHigh temperatte creep tests were carried out at 850
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under constant loads with the stresses in the range of 4 ~ 36 MPa. Axial strain was monitored
using an extensometer with a linear variable differential transducer (LVDT). The test
temperature was controlled using a three zone split furnace. The testsdsvcontinued to

reach the steady state {&f) region and cooled under load to preserve the dislocation
microstructures developed during creep. Thedweli o wn equati ong) andf O=1r
0= (F/ A1l %) opdn/canvert the displacement of extensoreer ( L) and t he
dimensions of the samplefAndly) to the True strain (U) and

creep samples were examined in A Panalytical Empyre&ayXdiffractometer equipped

with advanced PIXcel 1D detector.

3.2.4. Results andstussion

Figure73 shows the results of the creep tests, conducted at 3@ stresses of 4, 6, 13, 19,

33 and 36 MPa and the plots show the typical creep stages.

0.20 g

© 4MPa
g3 E J « 6MPa
015 ¢4 g £ © 13MPa
¢f : £ o 20 MPa
o 33MPa
< 36MPa

. . . .
20000 30000 40000 50000 60000
time (sec)

o °)
10000

Figure73 Creep cwes of AZ31 Mg alloy at 350 and stresses ranging from 4 to 36 MPa.
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It is well understood that the XRD patterns represent a comprehensive mapping of the crystal
structure and microstructure of the samples in the momentum space. The angular position
and theintensities of the peaks in the diffraction pattern reveal information on the crystal
structure. The information on the microstructure can be extracted from the broadening of the
peaks. However, the total broadening of a peak is influenced by instrurbevadiening,
microstrain within the domain and the broadening due to cells and domains. Detailed
analyses on the line shape can provide much information on microstrain and the average
domain size. Williamson and Hall developed a mathematical relationti@qug between

the microstrain¥), volume weighted average domain sizg)(D and t he i ntegr al

assuming that both the size and strain broadened profile are Lord@&jian
— - ¢ — ()

were d is the angle between the incident be

=0.1541838 nm for Cu KU).

a reveals the XRD pattern for startisgmple. Along with some peaks for matrix (Mg) a

single peak foMgi7Al ;,were indexed.

(b-h) reveal the plots of (bcosd/ a) vs. (2sin
35 . The slope of thefittedi ne and the intersection on t he
D, respectively. Very small amount of intercept value reveals the existence of large domain

size in the samples which also imphat the broadening of the XRD peaks is mainly due to
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microstrain resulting from the dislocatiansThe fitted line corresponding to the
crystallographic plane reveals an increasing slope with the applied stress which is related to

the dislocation density.
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Figure74 (a) XRD pattern for starting sample. (b) WilliamsHall plots for fresh sample
and crept samples at 360(c) 4 MPa, (d) 6 MPa, (e) 13 MPa, (f) 19 MPa, (g) 33 MPa and

(h) 36 MPa.
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Williamson and smallmai26] related the amount of strain to the dislocation density via

equation 2.
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where is the dislocation density, k 1 s t
considereas 1) and b i s the maBiguieiSshbwesthe valueaie Bur
yj for different samples, and it is clear tha
that in the fresh sample whié higher stresses the dislocation density increases. The former

one is related to the dislocation annihilation (due to DRV) and the latter is because of the
enhanced dislocation generation rates (due to DRX). During DRX, low angle boundaries
absorb disloations and transform to high angle boundaries. To find a relation between
dislocation density and possible DRV and DRX, the microstructures of deformed samples
were characterized via optical microscopeyure 76 shows that at lower stress there is no

DRX while at elevated stresses a large number of new born grains appeared adjacent to the
preexisting grain boundaries. DRX readily occurs at elevated temperature and make the
microstructure more homogeneous, howewvairgboundary migration is another common
phenomenon which leads to extensive grain growth. Strain rate is another important
parameter which has influence on the rate of DRX. At higher strain rates more substructures

can be generated in the existing grdaeding to finer microstructure at higher strain rates.

At lower strain rate, however, there is not sufficient deformation energy for complete the
recrystallization. Mandel et al revealed the occurrence of large amounts of DRX at elevated
strain rates anttmperaturef27]. It is mainly due to higher rates of dislocation accumulation

during deformation at high strain rates and temperaf@d8ds
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Figure75 Dislocation density of AZ31 Mg alloy (Fresh sample and crept samplesat 350

and stresses of 4to 36 MPa)

()

Figure76 Microstructures of crept AZ31 at 350 (a) 4 MPa (b) 13 MPa (c) 33 MPa.
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3.2.5. Conclusions

The average dislocation densistandsfrgsgesob4tot he
~36 MPa have been determined via XRDLPA technique and thekweln Williamson

Hall and WilliamsorSmallman methods. Compared to microscopic techniques, the method

is easier, reliable and quick along with easier sample preparation. Analysis shows that the
starting sample has an average dislocation densitg*of 8 - The crept samples

at low stress revealed an average dislocation density less than that due mainly to the DRV in
the material. At higher stresses, however, the dislocation density increases with stress which

leads to mor®RX.
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4. Fracture Behavior of AZ31 Magnesium Alloy During Low-Stress High
Temperature Deformation
Peiman Shahbeigi RoodposhApu Sarkar, Korukonda Linga Murty
North Carolina State University

Metallography, Merostructure, and Analysis, DOI 10.1007/s136353-01891

4.1. Abstract

Investigation of creep behavior of AZ31 magnesium alloy at three different temperatures
(233 , 278 and 358 ) and stresses of 1 ~ 13 MPa reveals that grain boundary sliding
(GBS) is the dominant creep mechanism at elevated temperatures and low stresses. Grain
boundary sliding and MgAl, precipitates in MeAl alloys result in stress concentratio

sites for cavity formation during higiemperature lowstrain rate deformation leading to
premature failures. Analysis of fractured surfaces of samples deformedsatr8€als that

brittle type fracture (integranular and trangranular) is the dominammechanism at low
stresses,( P L0 0 Jwhile at higher stresses ( ¥ p d 0 §dimple ruptures are
predominant. Grain growth, dynamic recovery and a decrease in dislocation density are
characteristics of low stress deformation of AZ31 alloys innglmundary sliding region
whereas increase in dislocation density and dynamic recrystallization are noted during

deformation under higher stresses where dislocation creep was noted to be predominant.

* Corresponding author. Tel.: +1 919 757 7030, Fax.: +1 919 515 5115
Mail address'Mater. Sci. Eng. Department; 911 Partner Way, 3035 EB1, Raleigh, NC790B08SA
E-mail addresspshahbe@ncsu.edu



156

Keywords: AZ31, Creep, integranular fracture, disl@tion density, cavity formation

4.2. Introduction

Due to their ultrdight structure, magnesium alloys have received great attention in various
industries such as aerospace, automobile and telecommunication. It can be even replaced
with some polymers s as polyethylene narmmposites because of their close mechanical
propertieg[1]; however, like other hcp crystal structure materials they have low ductility at
room temperature and are known as difficult to work alloys. At elevated temperatures, on the
other hand, their mechanical propertiesgrdele rapidly[2], [3]. Researchers have
investigated their behavior at high temperatures to characterize creep resistance and fracture
mechanisms[4]i[20] to find ways to improve their mechanical properties at service
conditions. A welknown classification of the creep behavior of materials is based on Born,
Mukherjee and Dorn powdow equaion in which the minimum strairate is described as a
function of stress, temperature and grain size:

S T ®

where n is the stress exponent, p is the inverse grain size exponent, A is a material constant,
D is diffusion coefficient, G is the shear
Burgers vedatr, d is the grain size and T is the absolute test temperature. The diffusion
coefficient can be related to the activation energy via Psp(Q/RT) where the Q is the
activation energy for specific creep mechanisgista preexponential term and R ibdé gas
constant. The creep mechanism is identified by p, n and Q along with microstructure

properties. At very low stress grain boundary sliding (GBS) is the dominant creep
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mechanism in which n~2, p~2 and the activation energy is close to grain bourftiesipli
which is 0.5~0.8Q where Qis the activation energy for lattice diffusi¢#][6]. At elevated
temperatures, there is an enhancemienthe grain boundary diffusion and migration
constituting the GBS process leading to higher craggs. Adding some alloying elements

to the Mg alloys can produce various precipitates that can act as barriers against grain
boundary movemerjR]. Mg;7Al 12 is one of the most important precipitates in-Kigalloys

such as AZ31 (MgAI-1Zn, wt%). These particles can act as barrigarst GBS and are

able to decrease the stramte sensitivity{21]. At elevated temperatures, close to melting
point, they dissolve in the matrix and facilitate grain boundary movement. Appearance of
various precipitates in magnesiuntogs can lead to premature failure via cavity formation.
Cavity formation, growth and their intinkage is dominant fracture mechanism during low
strainrate deformation of magnesium alloys (whereas flow localization plays a critical role
in fracture mebanism during high strairate deformation)22], [23]. At high temperatures
(~0.6Tm), grain growth results in relatively large grairesi then GBS decreases, which

leads to a suppression in cavity formatj24).

4.3. Material and methods

The experimentalmaterial was a hot rolled, rod shape AZ31 magnesium alloy with
dimensions of® ¢®&® ¢ & & andchemical composition of M@.7Al-1.2Zn (in wt. %).

Dog bone shaped tensile specimens with dimensiog&®of p&® & & and gauge length of

25 mm were machined along the rolling direction. A homogeneous microstructure was

achieved by 2 houref annealing in argon gas at 450and furnace cooling to room
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temperature. Optical microscope (OM) characterization along with fhamness tests
indicated the existence of a homogeneous microstructure along with equivalent mechanical
properties along ththree dimensions. High temperature creep tests were carried out at three
different temperatures of 28Q 278 and 358 . Axial strain was measured bgn
extensometer and a linear variable differential transducer (LVDT). Various test temperatures
were acheved using a three zone split furnace. A range of stresses from 1 MPa to 13 MPa
with dwell time of hours to weeks have been applied on the specimens at the three different
temperatures. To compare some features of low stress creep test with high spessngie

tests have been done at 35@nd 50 MPa. Tests have been continued to fracture points.
True strain (U) and stress (0) are related
and the initial dimensions of the sampleg(And Lg) through the basic formula of
U=1 n( L)+ qeLr(FlA)G(=1 + gplegpéctively. Fractured specimens were prepared for
OM and scanning electron microscopy (SEM) characterization. Step by step polishing of the
samples have been done via 9um, 3um and 1um ghaséd polycrystalline diamond
suspensions witl separate newoven textile as polishing cloths. To reveal the cavities, a
final polishing with 0.04um colloidal silica was applied. AT the end of each step, the
samples were ultrasonically cleaned to remove the residual materials from previous steps.
Final samples were etched for 5s using a solution of 5ml Picric acid, 10ml Acetic acid, 10ml
H,O and 70 ml Ethanol. An SEM equipped withray energy dispersive spectroscopy
(EDS), a micrehardness test (HV0.5kg) machine and a direct load creep tester dé@ve b

used to evaluate the material.
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4 4. Results and discussion

Figure 77 shows nearly equiaxed grain structure of the sample along with their grain size
distribution after annealing. An Average Linear Interc@min Size (ALIGS) of 18 um was
measured. Results of miehardness testsFigure 78) reveal equivalent mechanical

properties in all directions.

60 Average grain size = 18 ym
i
A 504
r
V

404

Count

304

0 10 20 30 40 50
Grain size (um)

Figure77 (a)Microstructure of MgAl alloy, after 2 hours of annealing at 450n

protective atmosphere of Argon gas (b) grain size distribution.
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Figure78 Results of micrehardness tests (HV0.5kg) revealing homogeneity.

Figure 79a displays a creep curve at 35(and 4 MPa. A relatively short transient creep
regime was observed followed by steady state creep leading eventually to tertiary creep and
fracture point.Figure 79 shows a serog plot of strain rate vs time. It can be seen that

after the minimum creep rate, strain rate increases rapidly to fracture point.
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Figure79(a) creep curve at 350and 4 MPa and (b) Stranate versus time.

Figure80a shows a logog plot of steady state (minimum) creegie vs. normalized stress
(G/E) following several creep tteesstleselscThenduct e

temperature dependence of the elastic modulus (E) was obtained from'eq. (2).

O c® p&C pT YFYin MPa (TinK) )
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Figure80 (a) Double log plot of minimum strain rate vs. stras$=233 , 273 and 358 ,

(b) Corresponding activation energy and (c) temperature compensatedateeeprsus

normalized stress.
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Stress exponent, n~2 was obtained by fitting the data poifigume 80a with eqation (1).
Figure80b shows a semi log plot of steady state strain rate vs. inverse of temperditfe (T

in K) from which an activation energy, Q~87 kJ/mole was obtained. Temperature
compensated creep data arewh in Figure80c. A comparison of obtained stress exponent
and activation energy with previous studies reveals that GBS is the dominant creep
mechanism in AZ31 alloy at the deformation conditions of this study.

Figure81a andFigure81b show the microstructures of the AZ31 after creep3dPa and 4

MPa respectively aB50@ . Mg alloys have low stacking fault energy and high grain
boundary diffusion velocity; therefore, dynamic recrystallization (DRX) is a common
mechanism during high strain rate thermoplastic deformation. DRX can lead to homogeneous
equiaxed grain distribution along with grain growth in some pE#Y (Figure 81la).
However, at lower stress or stra@me, grain growth andynamic recovery (DRV) become
dominant due mainly to the lack of energy to complete recrystallizg2®jn This leads to

grain growth as noted iRigure81b andFigure 81c. Figure 82 presents an investigation on

the XRD profiles of fresh and crept samples to measure the dislocatisitydeased on
Williamson-Hall (WH) technique[27]i[29]. The slope of plot is related to the value of
micro-strain. Based on th@/illiamson-Smallman[30] formula, dislocation densy Zz is

then directly related to the local miestrains. The DRV at lower stresses could possibly
create a situation where the dislocation density of the deformed sample is less than the fresh

sample.
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Figure81 (a) Microstructure of the AZ31 alloy after creep test ats3503 MPa,(b) 4AMPa

and(c) grain size distribution of the sample crept 308 , 4 MPa.
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Figure82 Williamson-Hall plot for starting materials and samples deformed as3%Md

three different stress levels.

The XRD analysis at room temperatuFéglre83a) reweals that the particles dispersed in the
matrix are mainly Mg/Al,. These precipitates have a melting temperature o 4&0d

dissolve in the matrix at elevated temperaturégure 83b shows the plot of high
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temperature XRD dataAs identified by the pattern, there are two separate peaks one for
Mgi7Al 12 precipitation and the other Mg matrix at RT, while by increasing temperature

Mgi7Al 1, gradually disappears, and at 35(here is no sign of precipitateBigure83Db).

002 annealed sample

Mg AZ31
08}

0.6 H

0.4 H

Relative Intensity

0.2}
41 Mg 004
Mgl al, 102 l Mg 100

0.0 T A T T T T
30 40 50 60 70 80 9 100

%)

Relative Intensity

(b)

Figure83 (a) XRD profile of annealed AZ31 Mg alloy at room temperature (b) at high

temperatures.
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4.5. Microstructure and fracture analysis

The relatively poor plastigit of magnesium alloys at room temperature is related to its
hexagonal close packed (HCP) structure with limited slip activity. At elevated temperatures
the nonbasal slip systems (i.e. pyramidal and prismatic slip) become §2@yehich leads

to an improvement in ductility. However, some damaging phenomena appear at elevated
temperatures (e.g. strain concentration, &id Rtype cracks (caused by GBS), priyma
melting reaction and cavity formation) which worsen the ducfif}, [31], [32]. Figure84

reveals fracture morphology under deformation condition of 4 MPa and .39is
condition is related to the low stress GBS creep deformation. Due to the high temperature
and low stress, rapid grain growth occurred in this region and lead to brittle frdtgue

84d shows cleavagénkes which are indicative of tramgganular fracture.
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200um 9 100pm

() (d)
Figure84 (a) Microstructure of fractured surface under 85@ MP, (bd) higher

magnifications.

By increasing the stress and correspondingly the staé there is not enough time for
graingrowth and the ratio of brittle fracture surface to the whole fracture area decreases. In

this situation, void coalesnee plays a significant role in the fracture mechanksSigure 85
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shows the fracture surface of AZ31 at 850nder stresses of 6, 9 and 13 MPa. Appearance

of a large number of small dimples along with tearing edgélse characteristic of ductile
fracture [26]. Eventually as dimples grow, large stress concentrations result in the walls
between two dimples. Consequenthlade type edges appear by tearing off the adjacent
material, leading to final fracture. Some microscopic cavities appear on the thin edges
subjected to these forcgx6], [32], [33].

Figure85g, 9h and 9i show high magnification SEM images of serpentine sliding at three
stresses of 6, 9 and 13 MPa respectively. It is clear that bgasiog the stress, ductile
fracture along with shear lips appear in the fracture surfaces. When the dimpled surface is
perpendicular to the applied stress, new sliding on the free surface of the dimple causes a
large number of serpentine sliding in theannvall of dimple Figure 85 d-i). By contrast,

under the stress of 6 MPa there is much more time for serpentine sliding developments which
leads to a larger ripple area and extended g2@je The biggest dimples, revealedkigure

86, are accommodation sites for M#gl,> and are potentially nucleation centers for void
formation during moderate temperature deformation. At elevated temperaturese(&c® T

the b phase melts and no precipitates form

a
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Figure85 (a, d & g) Microstructures of fractured surfacesem8b® , 6MPa, (b, e, h) 9MPa

and (c, f, i) 13MPa.
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() (b)

Figure86 (a) Microstructure of fractured surface under 858tress 13MPa and (b) at higher

magrification.

4.6. Cavity Formation

Cavities develop in three steps: nucleation, growth and interlinRade[34]i [40]. Most of

the plastic deformatioappears during second step while the third step is normally the onset
of rapid failure. During diffusional cavity formation mechanism (sypastic diffusion and
plasticity controlled process are another cavity formation procegxs [33], [36]
vacancies cluster together and form cavities via tensile stress; however they need to
overcome a freenergy barrief41]. Following conditions are required for cavity nucleation
during GBS: i. the stress concentration should reagdaréicular value[23], [41], [42]
(possible grain growth can relax stress concentration caused by2&B&nd ii. void

formation time should be less than sieconcentration relaxation tinf@3]. (At room
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temperature the vacancy diffusion is very slow, then the incubation time for nucleation is too
long and there is low possibility of cavity formatiptil]). During GBS there is more stress
concentration at triple poisitof grain boundarieg3] which can cause cavity formation in
these regionfb], [35] (Grain boundary particles and ledges are other possible sites for cavity
formation[23], [41], [43]). Based on this process, Chokshi developedtical condition for

grainsize d) and applied stress (0) [43pr nucleatic

Q. — - (3)
where i s a shape factor (~1 for AZ31), k is
volume, Y is the surface energy, E is the Y

This equation represents the grain size dependencysivites as a straight line with the
slope of-1. Any experimental conditions above the line are subjected to the cavity formation.
The analysis reveals that at a constant stress, cavity formation becomes more prominent at
larger grain sizesFigure 87 shows the calculations for AZ31 at T=350"Y= 1 “ZJandm

Y =14 c¢'@3].nbeldashed box in the map represents the experimental conditities

present study.
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Figure87 Cavity nucleation map at triple point. Experimental conditions are in the region of

Following cavity nucleation in stress concentrated regicavity growth occurs via vacancy

diffusion during low strain rate creep conditipdd]. Vacancies from areas close to the

cavity,

the surface energy of cavities and r is the cavity radius), it is sufficiemgg @ hinder
possible shrinkage due to surface tendfl. The rate of cavity growth is related to the
cavity radius (i.e. larger cavities have lower cavity growth r@®). Characterization of the

polished sample fractured at stress of 4 MPa and T3=3%lgure 88) with initial grain size

mi

possible cavity nucleation.

grat e

nto the cavi

ti

es.

ASs

of 17 um and final grain size of 36 pum, indicated the existeneadd ranges of cavity sizes

ong

far from each other. Most of the cavities are restricted to areas close to fracture tip (In

contrast cavities are closer to each other in samples crept at higher strelssesinall
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rounded cavities could be related to theityaformation via diffusional process (whereas
those provided by a plasticity mechanism reveal elongated in the tensile dirg3iomi4].
Figure88 shows some rounded cavities along with large elongated cavities. Thepdiscy

could be justified by spheroidization of elongated cavities and transverse coalescence of very

close cavitie$45].

Fracture surfagé

ractufeisurface

Cavities

:

<t
v"
¥
*5 1

Figure88 Cavity formation close to fracture surface of crept sample at 4MPa & 350

Mgi7Al1, due to their lowe shape factor and stress concentra{i®j [43] can act as
nucleation sites for cavity formatioRkigure 89) and make the magnesium alloys susceptibl

to premature failures. However, cavities are not formed in all of them because precipitates
can relieve stress concentrations via possible paths such as along interphase boundaries,
through the particle and lattidd3]. Chokshi[43] demonstrated the critical particle size

above which stress concentration cannot relieve via lattice or grain boundary diffusion:
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J
- &fﬁa (4)
j
" )

where dis the critical particle size, b is the burgers vectois the grain boundary width,
is the strain rate, Dand 0y, are the lattice diffusion and grain boundary diffusion
respectively, othergrameters are as mentioned previously. Based on the stress conditions,

Figure90a and 14b show the critical particle size attributed to different stresses and strain

rates.

(a) (b)
Figure89 Mgi7Al 12 as nucleation site for cavity formation in crept sample as 3G 4

MPa and (b) 10 MPa.
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Figure90 Critical particle size for stress concentrationen@lig via (a) grain boundary path

and (b) lattice path.

It is clear that any particle with dimensions of more than 3um can act as a stress

concentration source for cavity formatidfigure 91 reveals some cavitiegpearing close to

fracture surface of crept samples at 4 and 13 MPa. Most of the particles have dimensions

larger than 3um, therefore it is expected to have lots of cavities in the material. By increasing

the stress and stramte the critical size ohe particle for cavity nucleation increases leading

to a reduction in the number of cavities per unit of aFegure 91a and 15b compare the

number of cavities at two different stress of 4 and 13 MPa. It is #latisample crept at 4

MPa has more cavities than that crept at 13 MPa.
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() (b)

Figure91 Number of cavities per unit ofea of crept sample at 350(a) 4 MPa and (b) 13

MPa.

4.7. Conclusion

The fracture behaviors of high temperature tensile (creep) deformed AZ31 magnesium alloy
at constant stress of 1 to 13 MPa have been investigated st %@ activation energy

along wth corresponding stress exponent revealed that GBS was the dominant creep
mechanism in this region. Sliding of the grains over each other causes stress concentrations
at grain boundaries and triple points leading to cavity formation in these relfigng\l >
precipitates actas stress concentration sites for cavity formation. Analyses show that
precipitates larger than 3um can generate cavities at high temperature and low strain rates.

Optical micrographs revealed that at lower stressesgnégrular andransgranular fractures
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are the dominant failure mechanism while at higher stresses of the GBS region there are

some dimple shape fracture surfaces along with brittle fracture.
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5. Grain Boundary sliding mechanism during high temperature deformation of
AZ31 Magnesium alloy
Peiman Shahbeigi RoodposhtApu Sarkar, Korukonda Linga Murty
North Carolina State University

Metallurgical and materials transactiori Ainder review

5.1. Abstract

High temperature tensile creep tests were conducted on AZ31 magnesium (Mg) alloy at low
stress range of 1 ~ 13 MPa to clarify the existence of grain boundary sliding (GBS)
mechanism during creep deformation. Experimental data within the GBS regime revealed the
stress exponent to be ~2 and the activation energy value close to that for grainnpounda
diffusion. Analyses of the fracture surface of the samples revealed that the GBS provides
many stress concentration sites for diffusional cavity formation leading to premature failures.
Scanning electron microscopy (SEM) images show the appearanceghotiuxctile and

brittle type fractures. Xay diffraction line profile analysis (based on Williamgdall

technique) revealed a reduction in dislocation density due to dynamic recovery (DRV). A
correlation between exper i @RBSnstaladdenidastraled.and L a

Keywords: AZ31, grain boundary sliding, cavity formation
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5.2. Introduction

Mg alloys due to their high specific strength and low density are considered as the next
generation structural materials for a wide range of indudtkesautomobile, aerospace and
telecommunicatior[1]7[5]. They can even be replaced with some polymess tdutheir

similar mechanical properties, more recyclability and cheaper d6¢ef’]. However like

other hexagonal close packed (hcp) mef@]sthey have relatively lower numbers of slip
systems at room temperatuteading to their low ductility. At elevated temperatures,
however, their prismatic and pyramidal slip systems can get activated and improve their
ductility. It is well known that addition of some alloying elements to Mg can improve its
mechanical propertseby forming a wide range of precipitates. Most of the precipitates have
higher mechanical properties and can act as barriers against grain boundary migration and
diffusion. However some of them have low melting points and lose their mechanical
propertiesat elevated temperature. Al and Zn are common alloying elements which can be
added to Mg alloys to result in wédhown MgAI-Zn alloys like AZ31. Mg-Al12 is the
predominant intermetallic pha¢e) in AZ31 Mg alloys. Because this alloy and thehase

have relatively low melting point ( ~680 and ~458 respectively[9]) creep is one of the

main degradation mechanisms at engimggéapplication. During GBS these particles can act

as stress concentration sources and cause cavity formation and prematurd I8ijuies].

During last two decades several studies have been carried out to investigate the high
temperature behavior of these alloys to characterize their creep mechanisms and fracture

morphologies[2], [10]i[25]. At elevated temperatures GBS can occurss via-kmehvn
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Rachinger[26] or Lifshitz [27] mechanisms. Lifshitz (1963) explained grain boundary
sliding via diffusion of the vacancies through grain boundary or lattice which leads to grains
elongation in the tensile direction while Rachinger (1952) provided a model tasgain
displacement without any changes in the grains shape. In Lifshitz mechanism the number of
surface grains remain constant, whereas they increases during Rachinger meftzinism
[28], [29]. Due to grain deformation during Lifshtz creep mechanism, even large grain size
samples can keep their @kncies during creep deformation and lead to large plastic
deformations. Whereas, Rachinger mechanism can lead to high plastic deformation only for
small grain size (~ around a few microns). In samples with large grain size, the Rachinger
sliding can caus cavity formation leading to premature failure. Both Lifshitz and Rachinger
slidings can make similar offsets in marker lif23].

During high temperature defoation of Mg alloys, the minimunf29] strain rate can be
related to the stress, temperature and grain size viakm@Wn Bird, Mukherjee and Dorn
(BMD) powerlow equation

E =

&

where A is a material constant, G is the shear modulus, n is the stress exponent, p is the

(==

-— a -
- ) (1)
.
inverse grain size exponent, D is diffusion
burges vector, d is the grain size and T is the absolute test temperature. The diffusion
coefficient can be related to activation energy via pexp(Q/RT) where the Q is activation

energy for specific creep mechanism,i®a preexponential term and R is tigas constant.
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In this study The AZ31 Mg alloy has been deformed at three different temperatures gf 230
2708 and 35@ and constant stresses ranging from 1 to 13 MPa. The role of precipitates in
creep mechanism and their stability at various temperatures have been analyzed. The values
of n, p & Q in equation (1) along with microstructural characterizgtimvide information

on the dominant creep mechanism. The experimental data have been correlated with
conventional models. Our previous works show that dynamic recovery (DRV) and slightly

decreased dislocation density are characteristic of this rEgdpn11].

5.3. Experimental Procedure

A rod measuringe € c of AZ31 Mg alloy with chemical composition of M2 8Al-

1.1Zn (in wt. %) has been used in this study. Standard dog bone shaped tensile specimens
with gage length of 25 mm were machined fronrexived rods. To provide homogeneous
microstructwue and mechanical properties in all directions, samples were annealed at 450

for two hours in protective atmosphere of argon gas. Optical microscopy analysis along with
microhardness tests along the three dimensions of the samples revealed their héynogenei

all directions. Tensile creep tests were performed at constant stresses of 1~13 MPa and three
different temperatures of 28Q 278 and 358 and the tensile axis was along the rolling
direction. An extensometer and a Linear Variable Differential Thacer (LVDT) were
installed in the experimental setup to monitor the axial strain. Elevated temperatures were
applied to the sample by a three zone split furnace. Because the experimental temperatures

were below the oxidation temperature of Mg alloys,stdsive been done in unprotected
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atmosphere. Before each test, samples were held for 30 minutes to equilibrate at the test
temperature. Creep tests were continued to reach to the minimum strain rate following which

the specimens were cooled under load tmrdaemperature to preserve the steady state creep
characteristic microstructures. The welhn o wn equati onsg anf U=1n
G=( /(A +gpL/clan relate the tot al di spl acement
dimensions of sample ¢fand lp) tot he true strain (U) and true
size distributions the specimens were polished with 600 SiC abrasive papers followed by
9um, 3um and 1pum glycdbased polycrystalline diamond suspensions andwumren

textile polishing cloths. Fingolishing was done by 0.04 um colloidal silica suspension on
napless polyurethane cloth. A solution of 5ml picric acid, 10ml acetic acid, 1ginhkd

70 ml ethanol were used to reveal the microstructures. To characterize the grains sliding over
each dber, a focused ion beam (FIB) machine was used to draw some line patterns on the
fully polished samples. Lines with dimensiongpoft tr® T1@*‘ & were drawn using Ga

ion beam accelerated at 30 kV and 1 nA. Then the samples were creep tested to reach to the
minimum strain rate at different stresses. Crept samples were polished with 0.04 um colloidal
silica suspensions and etched to reveaingsliding and possible line offsets. A Hita@&H#00

Scanning Electron Microscope (SEM) was used to reveal precipitation in the matrix. To find

the dislocation density of the samples based on Williarktadhtechnique, XRD analyses on

the fresh and defored samples were carried out using the Panalytical EmpyreBayX

diffractometer equipped with advanced PIXcel 1D detector. The thermal stability of the
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precipitates was evaluated via high temperature XRD analysis by heating from room

temperature to 430 at a heating rate of &/min.

5.4. Results and discussion

Alloying in popular MgAl alloys, like AZ31, can suppress grain boundary migration mainly

by precipitation. The most popular intermetallic phase in theAMalloys is the Mg-7Al 12

known ass phase andrigure92(a) is an optical micrograph of the precipitations dispersed
randomly in the matrix. An analysis using SEM equipped withaX energy dispersive
spectroscopy (EDS) revealed the existence of-Mg, (Figure92(b)). Figure 92(c-d) show

XRD plots for AZ31 Mg alloy before creep test. Along with some peaks for matrix (Mg)
around 2 of 37, a peak for Mg/Al ;o were indexd. Figure63 shows the optical micrograph

with an average linear intercept grain size (ALIGS) of ~22 ym and three dimensional
microhardness test results. The analyses revealed that the grains are equiaxed and

mechanically homogeneous.

Mg-Al phase diagram shows that at elevated temperatuggsase dissolves in the matrix.
Figure94 shows a study on the high temperature XRD patterns of up ® 4&@ried out at

503 intervals. It is clear that the intensity of the peak of precipitates is a function of
temperature. By increasing the temperature the relative intensity decreases which is related to

the dissolving of precipitates in the matrix.
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Figure92 Appearance of the phase irthe matrix: (a) Optical Micrograph, (b) SEMMEDS,
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Figure94 High temperature XRD pattern of AZ31 Mg alloy

Figure 95a shows the creep curve conducted at322td 3 MPa. Tests were continued to

reach to the steady state region and then the stresses were increased to a higher value.

However, stress change experiments did not lead to remarkable tragsi¢hat it reaches to

the steady state condition very quickly. Experimental data show that creep rates of single
stress tests are similar to stress change fégiste 95b shows the strain rate vs time plot for

test conducted at 230and 3 MPa and it is clear that the strain rate continuously decreases
to reach to a minimum value. Steady state or minimum creep rate values have been
determined for different deformation conditions. A dotdblg plot of steady state
(minimum) creepratev s nor mal i zed st r &&63)) il MPaKET in K)E=2 .
[2]) is illustrated inFigure 80(a). Straight line fits to the data show the trendnafeasing
minimum strain rate with stress for all temperatures. A plot of minimum strain rate vs inverse

of temperature shows the temperature dependency of creep deformation. The slope of this

6 (
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curve is related to the activation energy in equation 1, whiahound 87 kJ/mole and is very
close to the activation energy of the diffusion along the grain boundary of Mg &ligyse
80(a) can be converted to temperature compensated creep curve using the calculated

actvation energy in equation 1. Results are illustrateféigure80(c).
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Figure95 (a) creep curve at 230, 3 MPa, and (b) strain rate vs time
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Fitting the data inFigure 80c with the equation (1) yields théress exponent of n=2.01.
Previous investigations show that this stress exponent along with activation energy close to
the grain boundary diffusion is indicative of grain boundary sliding mechanism during creep
deformation. Equation (2) shows a model depeld by Langdon for GBS creep mechanism
[29]. Although the values for n and p are different for small and large grain sizes, because of
the intermediate grain size of the material of this study, they blaecteristics of both

large and small grain sizeSigure 97 shows the correlation between experimental data with

the GBS model:
g oatt g 0

L |

where O, is grain boundary diffusion and A is a constant ~[18]

0™

10" L

10" b

€kT/DEb

107k

.
10° 10* 10°

Figure97 Comparison of the present creep data and the model

As far as geometrics of grains are concerns, their deformation and relative movement over

each other are characteristic of the two most conventional plastic deformation mechanisms of
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polycrystalline materials at elevated temperatures and low strain rates. Offsets in the marker

|l ines show grainsd geometry after GBS. A de
line offset between grains could be sign of Lifshitz sliding while linesRachinger
mechanism are fully straight in the grains and just have some offsets when they pass adjacent
grains. Figure 98(a) shows the line patterns placed on polished starting sample by (FIB)
machine. Then the s®les were crept at 350 and 3 MPa Figure 98(b) shows the
microstructure of the surface of the deformed sample. The tensile axis is perpendicular to the
line patterns. It is clear that the original lines are shifted at some grain b@snahile they

are straight within the grains which is characteristic of the Rachinger GBS mechanism.
Because the amount of shifting is related to the structures of the grain boundaries, the

displacements do not appear in all grain boundaries.
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Figure98 (a) Focused ion beam (FIB) images of starting sanfip)é&SEM microstructure of

crept sample at 330 and 3 MPa showing offset line and (c) at higher magnification

In relatively large grain size materials, Rachinger GBS results in some cavities and lead to
premature failure$29]. Microstructures of crept samples reveal the appearance of a large
number cavitiesKigure 99a). Cavity formation, like other nucleation and growth processes,

is easier at heterogeneous sites sashgrain boundaries, triple points and precipitates.
During GBS, the stress concentration in heterogeneous sites reaches to a critical value. If the
void establishment is faster than stress relaxation, diffusional cavities form. Our previous

study showdhat this alloy is very susceptible to cavity formation in precipitates and grain


















































































































