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ABSTRACT

MicroStructural Changes in Aluminum under Reversing Strains

Balakrishnan Anandapadmanaban

99.9 Aluminum- hot worked at 400°C-500°C and strain rates ( & ) of 0.004-0.1s™', under
reversing strains (€) of 0.5 to 0.2 or 0.5 to 0 and also advancing from 0.5to 1 or 0.5 to 5.
Under similar test conditions for different parts of the strain paths, the average measured
flow stresses are found to agree with each other. In the forward and backward strain path
tests, the almost identical steady state plateaus affirm the occurrence of dynamic recovery
(DRV). On reversal of strain direction at constant £ , there was generally neglible
Bauschinger effect. Features such as elongated grains with serrations and deformation
bands confirmed DRV in forward path specimens by optical microscopy. In reverse path
specimens, equiaxed grains were seen. In forward path specimens by low magnification
polarized optical microscopy, grain alignment increased with strain whereas it decreased
in reverse path specimens. Orientation imaging microscopy revealed during the forward
path, elongated grains are broken up as deformation bands rotate and on backward
straining grains return to equiaxed appearance. The subgrains remain equiaxed and
constant in size and character during the forward and backward paths. During forward
straining, the fraction of high angle boundaries increased with respect to low angle
boundaries and with backward straining it was vice versa. In as-worked specimens
annealed at 400°C, static recrystallisation (SRX) was confirmed by microstructual

evidence such as fine recrystallized grains in forward path specimens. The progress of
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SRX in many specimens was seen as a mixture of recrystallized grains and grains with

serrated boundaries.
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CHAPTER ONE

INTRODUCTION

Aluminum possesses a unique combination of price, mechanical properties and
light weight to serve as fabricated products for aerospace, automobile and general
applications. Due to its malleable nature, it can be cast, rolled or extruded into a wide
variety of shapes. It is also environmentally friendly as it is recyclable. Its light weight
and non reactive nature helps in reducing fuel consumption and preventing corrosion. In
the present complex and competitive industrial activity, there has been a need for
products with superior properties tailored for specific applications. As 80% of metal
manufacturing involves high temperature mechanical working, product and quality
improvement is essential for the survival of the metals industry which faces competition
from ceramics and plastics [1]. The product quality should be ensured by production of
suitable microstructures through a process which is controlled at every step by
macroscopic parameters through large machines. Hot working has proved to be effective
in providing strengthened and malleable products through microstructural refinement. It
also aims in reducing hot strength and raising ductility. Metals are generally hot worked
at a range of temperatures (>0.5Ty;, melting K) and strain rates (107 to 10%s™) to achieve
large strains without much strain hardening [1]. This results in: energy decrease for
forming, reduction in machine size, minimization of rejects, decreasing chemical
inhomogenities of the cast metal and production of suitable microstructure with improved
service properties such as high ductility [2]. Hot worked substructures are retained to

promote product strengthening in thermomechanical processing through parameters such



as holding temperature and cooling time. These properties are usually brought about by

microstructural features such as change in dislocation density and subgrain size.

The objective of this research project is to delve into the effects of temperature
and strain rate on flow stress and microstructural development of aluminum under
reversed strains. The main focus is to study the influence of the Bauschinger effect on
the substructure development of aluminum, identify the possible restoration mechanisms
and to correlate with other aluminum alloys. The torsion test was suitable for hot
workability testing, as working strains of any industrial process can be closely matched.
In order to correlate substructural evolution with modeling and processing strategies,
there is a need for repeatable and reproducible test data which are provided by torsion
tests. Torsion testing was done at temperatures of 400-500°C, strain rates of 0.004-0.1s
with strain reversing from 0.5 to 0.2 or 0.5 to 0 and advancing 0.5 tol or 0.5 to 5. The
variously as-worked specimens are annealed to detect the occurrence of static
recrystallization. The effect of strain path on the restoration mechanism after hot working

is investigated through the evolution of the substructure.

A literature review will discuss the variation of flow stress, microstructure and
deformation mechanisms with strain rate and temperature. An overview of the testing
procedure and analysis will be provided indicating flow curve dependence on various
parameters. In a detailed investigation microstructures will be related to the flow curves
which could play a role in controlling power requirement and deformation rate. Critical

points in flow curves are discussed in association with micrography indicating the



progress of restoration mechanism and influence of solutes and precipitates. Future scope
of research will be discussed based on the results. A detailed emphasis will be focused on

the restoration mechanisms after hot working.



CHAPTER TWO

REVIEW OF PAST WORK

2-1. Restoration Mechanisms

As hot working processing involves single or multiple steps, it is imperative to
understand the mechanisms that occur in the worked metal during industrial hot
processing. In the hot working domain, restoration mechanisms influence metal behavior.
This can be understood by establishing links between deformation parameters, strain
hardening behavior and subgrain structure. The restoration which happens during the
deformation is called dynamic and that after it is known as static. In high stacking fault
energy (SFE) metals like Al, recovery is the principal restoration mechanism resulting in
low dislocation density and equiaxed subgrains. In contrast, recrystallization is associated
with a high dislocation density in low SFE metals (Cu, Ni) that gives rise to nucleation

and growth of new grains.

2-2. Dynamic Recovery

When a metal is strained, countless dislocations are emitted from Frank-Read
sources which give rise to strain hardening. In the domain of creep and hot working, Al
develops highly polygonized substructures that indicate dynamic recovery (DRV). By
comparing the flow curves at 330°C, 410°C and 480°C (Fig 1) under various strain rates
of 45, 8.1 and 2.7s™, it is seen that the rate of strain hardening decreases with temperature

rise as DRV counteracts strain hardening [1,2]. At high T and low £ , the steady state



plateau is established after a strain of 0.5 in most of the curves because of the equilibrium
existing between generation and annihilation of dislocations (Fig 1) [1]. The flow stress
values observed for 2.7s™ at 330, 410 and 480°C were 73, 48 and 35MPa, respectively.
This drop in flow stress can be attributed to rise in temperature. As Al is a face centered
cubic (FCC) metal with high SFE, the dislocations can easily cross slip and climb. In
high SFE metals, entanglement of dislocations happens during strain hardening and as T
is increased into the hot working range, there is subgrain formation with low interior
dislocation densities. Constant dislocation density and equiaxed subgrains of stable size
and low misorientation characterize the steady state as seen in Fig 2 [2]. In the elongating
grains, equiaxed subgrains of constant average size are maintained through continuous
unraveling and knitting of dislocations at cell walls [3, 4]. With increasing £ to 455" the
observed flow stress values were 55, 75 and 85MPa in the decreasing order of

temperature.

The dependence of flow stress on T and £ at the steady state is represented as
function (F,) of the steady state stress (o5) (Eqn 1) [2]. The DRV subgrain size (d) is
related to Z (Zener-Holomon parameter) and o, (steady state or flow stress) as follows

(Eqn 2, 3). The amount of recovery per unit strain is defined by the control variables T

and € : [1]

Fn (o) = £exp(Q/RT)=2Z (D

d'=G+HlogZ (2)



o,=a+bd! (3)

where a, b, G, H are experimental constants and Z = & exp (-Q/RT) [2], Q is activation
energy, T is absolute temperature and R is universal gas constant. Under steady state
conditions at higher Z, smaller d; is established at higher o;. The retention of hot worked
substructures can offer excellent strengthening opportunities. It is observed that a
recovered substructure is more ductile, corrosion resistant and more stable for high

temperature service than a cold worked metal of equal strength at 20°C [2].
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Figure 1: Flow curves of Al compressed at 45, 8.1 and 2.7s™' [1,14].



Figure 2: Hot Worked Substructures of Al compressed to strain of 0.7, 400°C, 0.1s™

observed by Transmission electron microscopy [1].



2-3. Bauschinger Effect

In industrial cold forming operations, the deformed product may be subjected to
stresses that are the opposite of the forming ones; the yield stress may be lower than that
expected from strain hardening. Hence, it is important to discuss the influence of
Bauschinger effect on hot working operations. From Fig 3, when a metal is tension
tested, its initial yield stress is A. If different specimen is tested in compression, its yield
strength would have the same value B (=A) on the dashed line. Now when another
specimen is loaded in tension, the stress-strain curve follows the path OAC. If the
specimen is unloaded the curve will follow CD path; when immediately followed by
applying compressive stress, it is concluded that compressive yield stress (E) which
would be less than the original yield stress (A or B). The reduction of yield stress on
reverse loading is called the Bauschinger Effect. The amount of Bauschinger effect may
be expressed by the difference in strain () between the tension and compression at a

projected service stress [5].

When the metal is deformed plastically, the dislocations start accumulating at
barriers and form cells. When the loading is reversed the dislocation lines will move to a
small distance at lower shear stress because the resistance to such dislocation motion is

not strong. This phenomenon leads to lower yield stress on reversed loading [5].



-&

Figure 3: Bauschinger effect [5].

10



2-4. Hall-Petch Equation and Product Properties

The Hall-Petch equation gives a relationship in which the yield strength of the
material increases as grain size decreases. Mc-Elroy and Szopiak [6] collected subgrain
data from hot working and annealing experiments and fitted them into the Hall-Petch

type Eqn. 4 as follows [7] :

Oy =0,t kyds? 4)

where oy is the yield strength of material, o, is yield stress of annealed material and k; is
the coefficient of subboundary strength and power p equals 1/2. Since the subgrains are
more recovered, and larger at decreasing values of Z, some researchers have suggested
that subboundaries produced at high temperatures and low strain rates have reduced
ability to stop the motion of dislocations. Hot work data gathered from sample plots have
indicated that the power in the Eqn.4 should be higher (p = 1) as suggested by McQueen,
Abson and Jonas [8-10] and McQueen and Hockett [1, 11] as seen in Eqn.5 [10]. Hot-
work data gathered from sample plots have indicated that power in the Hall-Petch type

equation should be higher (Fig 4) 8, 9, 11-14].

Gy =0 o+ kodsd, " (5)

It is seen from Eqn.5 that coefficient k; = ks' dy? increases as subgrain size

decreases, thus indicating that the strength of the subboundaries increases [1]. For Al and

11



a-Fe the values of (q = 1/2) and this p has been observed near unity. The coefficient k;

becomes larger for finer and denser dispersion of particles [2].
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2-5. Constitutive Equations

In hot working, the dependence of stress ¢ on strain rate £ and temperature T,

may be described by one of the following equations {2].

£ =A" 6" exp (-Quw/ RT) (6)
& = A exp Po exp (-Quw/RT) (7
£ = A (sinhao)” exp (-Quw/RT) (8)

Where A A', A, n, n’, B, and a are experimental constants and Quw the activation
energy, T absolute temperature and R universal gas constant [1-4, 16]. Eqn. 6 is called
the power law and is used to represent the results of creep and hot working at low stress
(<10MPa) [2]. For higher stress levels, Eqn.7 known as the exponential law is employed.
Eqn. 8 is used to compare data from hot working and creep testing and is known as the
hyperbolic sine law. The value of n is drawn from creep studies of commercial Al, where
the power law exponent is related to dislocation climb [15, 17-19]. In creep and hot
working of commercial Al, the activation energy is similar to that of self diffusion
indicating dislocation climb. For Al, the activation energy is about 150-156 kJ/mol,

whereas for alloys with rising alloy content it may be higher.
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2-6. Effect of DRV and Hot Ductility

The torsional ductility of Al alloys varies. At & of 1.3x107s™', the values of
equivalent strain to fracture (g) observed at 270,350 and 400°C were 20, 75 and 90
respectively (Fig 5) [20, 21]. This was indicative of DRV because ¢ increased
monotonically from 15 at 220°C to 90 at 400°C. With decreasing hot flow stress as T
rises, ductility rises to a peak value and then falls (Fig 5). Below this peak value, there is
nucleation of W cracks resulting from differential grain boundary (GB) sliding which is
mitigated by enhanced DRV (Fig 5) [20]. There is enhanced intragranular flow that
relieves the stress concentrations from differential sliding at grain boundary triple
junctions [22]. With rise in £ , the DRV is curtailed so that the grain boundary sliding
gives rise to W cracks (Fig 5). However as T rises above the peak value there is
increased pore formation that contributes to decline of ductility (Fig 5) [20]. The pores
begin to nucleate on GB by vacancy condensation which is facilitated by slip or GB
sliding. The growth rate of pores is described by the equation as function (F,) of grain

boundary diffusivity (D) (Eqn 9) [20, 22}.

G = F, (Don) (9)

where G is cavity growth rate, D= dr/dt where  is cavity radius, o is stress. As solute
content increases, the ability to recover diminishes thereby lower end of hot workability
range is curtailed due to increasing stress concentration from GB sliding at triple

junctions.
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When Al, Al-0.8Mg-0.2Mn (5005), Al-1Mn-1Mg (3004) and Al-4.5Mg-0.7Mn
(5083) [23] were compared in Fig 6 Al, 5005 and 3004 show much increased ductility
due to DRV. In contrast the 5083 alloy shows a low increase in ductility because of the
low level of DRV due to solute and presence of AlgMn particles. The ductility of Al rises
rapidly and attains a peak g at 430°C and afterwards it decreases due to formation of
pores at 470°C. A similar kind of behavior with declining effectiveness is seen in 5005
and 3004 alloys. However, in the case of 5083 alloy, ductility continually increases to
510°C because it is much more prone to W cracking. Pore formation is not a problem in

5083 as it is in the softer alloys as shown in Fig 6 [23].

In the case of tension, the solute alloys with Mg exhibit enhanced ductility when
compared to Al. This is due to the influence of strain rate sensitivity (m). In tension tests
on Al-Mg alloys between 25°C and 400°C, the ductility and strain rate sensitivity rose as
temperature and Mg content increase as given by Fig 7 [24, 25]. This occurred due to the
phenomenon of solute drag where impurity atoms migrate with dislocations controlling
their glide dependence on & . Solute drag gives n =3 in the power law, so that strain rate
sensitivity becomes 0.33 [25-29]. Such viscous glide still provides sufficient level of
DRV to produce subgrains with neat boundaries. At higher strain rates, the ductility
decreases with Mg concentration because of grain boundary cracking. Because strain rate
sensitivity is a critical factor in tension, the order of ductility in Al and Al-Mg are

reversed from tension to torsion.
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2-7. Hot Ductility on Low SFE Metals

At low temperature in Waspaloy (Ni based alloy, 19.5%Cr-13.5%Co) at Is™,
there is initiation of transgranular fracture at the intersection of deformation bands with
twin or grain boundaries. Furthermore, it is observed in Waspaloy that the mode of
fracture changes from transgranular at low temperatures to intergranular at high
temperatures (Fig 8). When low SFE metals like carbon, niobium steels, austenitic
stainless steels and Waspaloy and Cu alloys are worked in the hot working range
(>800°C, 0.07-23s™), there are peaks in flow curves followed by softening to steady state
plateaus that were attributed to dynamic recrystallization (DRX) (Fig 9) [30]. Just before
the flow curve peak, DRX starts and leads to work softening followed by establishment
of a steady state plateau, which is characterized by appearance of recrystallized grains of
lower dislocation densities. In Waspaloy, as T rises above 0.5Ty,, there is differential GB
sliding at triple junctions which leads to W cracking because intragrain flow stress is high
due to little DRV as shown in Fig 10. As T rises above 1038°C, DRX occurs more
rapidly and ductility rises to 35. Formation of these new grains move the GB away from
the cracks and spherodize them. A similar kind of behavior is seen in Al-Mg-Mn alloys
because of partial DRX at large particles. With further rise in T, ductility of Waspaloy
rises less steeply but then falls due to melting of precipitates (Ni3Al) resulting from alloy

and impurity contents [30].

Under the effects of solutes and precipitates, GB migration is hindered thereby
causing much greater decreases in hot ductility in low SFE metals in comparison to

aluminum alloys. This indicates that solute content delays the onset of DRX more
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seriously than it reduces DRV. It is observed that particles increase the critical strain for
DRX thereby permitting fissures to grow rapidly. Carbides and Ni3(Al,Ti) seem to inhibit

nucleation and promote increased cracking in Ni superalloys [30].

Inclusions also promote grain boundary cracking and become more influential at
higher strain rates, thereby reducing ductility [23]. Inclusions are usually impurity
particles that are retained or formed in liquid metal during the solidification. They consist
of simple or complex oxides and their size, shape and distribution influence the
mechanical properties. As-cast structures exhibit poor ductility when compared with the
wrought microstructures due to larger grain size, grain boundary directionality and

presence of second phase particles.
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Figure 8: Cracks occurred in Waspaloy a) 25°C, 1s™ to £ = 0.6 b) 954°C, 1s™ to & = 1[24].
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2-8. Cold Working

Cold working is an industrial process that is used to deform metals at room
temperature. It not only increases the strength of a metal after it has been hot worked but
provides better surface finish, closer dimensional tolerances and thinner material. The
amount of cold work (CW) in the case of tension is expressed as follows [31] where A,,

Aris area of the original and final specimens

% C.W = [(Ao— Ar)/ Ao ] 100 (10)

Cold working at 20°C can be best understood by interpreting the stress-strain
response of single crystals (Fig 11) [31]. This plot has three stages; Stage I, called the
region of easy glide or laminar flow results from operation of Frank-Read sources in the
crystals [5]. During this stage, in which slip occurs on 1 slip system, dislocations are able
to move over large distances without encountering barriers. Emitted dislocations cause
planar pile ups at grain boundaries (GB). The curve shows little increase in strain
hardening rate, as a fairly uniform dislocation density is developed in this stage. With
increasing strain, Stage II is attained which is known as region of linear hardening. Slip
occurs on 2 slip systems with strain hardening at a constant rate and due to a proportional
rate of increase in dislocation density. At higher strains, tangles are formed in Al whereas

in y stainless steels and brass pile ups are formed. With rising €, the dislocation density

rises rapidly from 10* to 10'°mm™ of dislocations [5] (Fig 12).
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In high SFE metals notably in polycrystals at strains of 0.2, dislocations start
collecting into tangles that form cell walls of increasing density as € rises above 1 (Fig
13) . With rising strain, the cellular substructure soon reaches a lower saturation size
(~0.5um) and the aspect ratio declines to 1.2. Moreover with increased strain, the cells
become separated into blocks by micro bands (MB) or block walls (BW) that arise from
new slip systems coming into operation due to lattice rotations. The BW’s increase in
misrorientation (6) with strain. It is seen in Fig 14 far up to 50% C.W, there is increased
tensile strength and yield strength [32]. The cold worked substructure has a high state of
internal energy of 0.04 to 4kJkg" due to the stored energy of the dislocations. Several
factors such as deformation processes, solute additions and SFE play a role in
determining the stored lattice energy [5]. In polycrystals, as cold working progresses to
higher strains of 4, the GB and persistent BW start to rotate into the direction of rolling

creating layer bands with low internal misorientation [33].

At high strains in cold working, Stage III is approached. Stage III known as
region of dynamic recovery or parabolic hardening in the range of 0.4Ty and 0.5Ty at
10°s". As seen in Fig 11, there is decrease in the slope of the strain hardening curve. It is
a transition phase from cold to hot working called as Warm Working which offers the
combined properties of cold and hot working such as improved dimensional control,

higher quality surface and low energy costs in a-Fe and austenitic stainless steels. As T

rises, cellular substructure of medium size (3-1um) and low 0 are formed (200°C, 6 is 4-
8%) [33-37]. There is no attainment of steady state regime because the dislocation

annihilation does not attain equilibrium with generation [4]. A cellular dislocation
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substructure is established but the strain induced boundaries have higher misorientation

than in hot working. These features show evidence of low T DRV. In the case of low

SFE alloys, the substructures are finer and more ragged but in BCC metals like o Fe,

substructural developments are similar to Al [33, 38, 39]. Warm DRV is lower as

dislocations recovery occurs mainly by cross-slip and very little by climb.
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7 73
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Figure 11: Stress-Strain response in single crystals [40].
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2-9. Utility of Annealing

The severely worked substructure produced by cold working, develops increased
yield strength as seen in Fig 14, but ductility is considerably diminished. The higher
internal energy in the form of tangled dislocations and vacancies can be restored to that
of a strain free condition by heating the metal at a high temperature, a process known as
annealing [5]. Annealing can be divided into three mechanisms: static recovery (SRV),
recrystallization (SRX) and grain growth. In annealing, the stored energy of the cold
worked substructure drives SRV and SRX. In SRV, strength is slightly reduced and
ductility is improved as a result of decrease in dislocation density due to cross-slip and
climb without any observable change in optical microstructure. In contrast,
recrystallization is the replacement of cold worked substructure by strain free grains [31].
The nuclei start to form at regions of high dislocation density, primarily at grain
boundaries and large second phase particles. The recrystallization rate is influenced by
six main factors: amount of prior deformation, temperature, initial grain size, alloy
composition, purity of metal and amount of recovery prior to start of recrystallization. It
is seen that recrystallization rate increases when there is higher annealing temperature
and greater degree of deformation [5]. Also different metal working processes such as
rolling and forging can influence rate of recrystallization. In case of SRV, the heavily
cold worked microstructure undergoes substructural and property changes like increased

formability and lower flow stress whereas grain structure changes are associated with

SRX.
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2-10. Static Restorations after Cold Working

Researchers [33] have propounded that in Al, two levels of recovery occur after
CW. In type 1 SRV, dislocations in the cell interiors are attracted to subgrain boundaries
(SGB). This is called polygonization. As annealing temperature increases, the hardness
drops more rapidly (Fig 15, 19, 20) [1]. In type II SRV, as annealing temperature and
time increases, subgrains grow larger by disintegration of some walls as dislocations are
emitted and knitted into neighboring SGB. From Fig 20, it is seen with increase in
annealing temperature and time, the subgrains grow from 2 to 10 and become sharper
and regular to rearrange into neat and low energy arrays [33]. Some high angle GB’s are
formed from medium misorientation boundaries, which form a base for the SRX nuclei

[33]. This type II SRV is not recognized in low SFE metals.

When heavily CW metal is annealed, it is observed that tensile strength of the
metal show a decline whereas ductility rises steadily (Fig 15) [32,42]. The effect of
annealing is compared between Al and Al-0.8Mg. In 75% C.W Al it is observed that,
SRX occurred after 1 hr annealing at 350°C (Fig 17) [34]. Whereas in the case of Al-
0.8Mg which was 85% CW and annealed at 302°C for 1 hr, there was almost no SRX.
Instead there was considerable softening in the substructure due to SRV [32]. With
increased T to 316°C, the clongated grains are completely replaced by recrystallized
grains (Fig 16) [32, 41-43]. SRX was confirmed by decreased yield strength after cold
working from 150MPa to 25MPa in Al at 400°C (Fig 18) [31]. From Fig 18, it can be
concluded that rate of drop is less rapid in the initial stages of annealing due to SRV

followed by rapid drop due to SRX.
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Figure 16: 50% Cold worked Al-0.8Mg annealed at a) 302°C b) 316°C [34].

31



Temperature (°C)

3 350 275 250 225
10 I I
10°
Recrystallization
completed P
’
Kd
2 10 / /:
1 " / ) ,I [T SRR
/ Recrystallization
/ s started
0.1 A ;
’
ol
4
e
0.01
1.6 1.7 1.8 1.9 2.0

1000/T (k™

Figure 17: Recrystallization rates of Al under

various annealing times and temperatures [34,43].

32

J



Temperature, °F

200 200 400 600

_ [ | ] ; I ] |
g 25
= 150 —
= 0\\0 20
=0
g 100 \c =15
=

-4 10
% 50 75%, cold work \O\O 5
- | 1 hr anneal —°

0 ! 0
0 100 200 300 400

Annealing temperature, °C

Temperature, °I°

Yield strength, 1000 psi

Figure 18: Effect of annealing temperature on yield strength of Al [31].

‘Temperature, °C

33

200 400 600
d g i !
! C60% cold work ' '
409% cold work
2()‘;5‘;'—;!001(1 work ‘t
AN
e
- 65Cu-35 Zn
1 hour
100 200 300

400

Figure 19: Plot showing earlier drop in hardness values for greater % C.W [31].



38

S " 200° ¢
= e WWW%\N
x
o o
o 32 M "

‘ 200"
R e
& ¢ Pt D0 -
<
x

Q\Wc (a)

¢ N‘\
24
@ r
z 40¢° C/&// @ ®
22- b // / "
2
* 350° ® 3
s / s /b
R P 300 _~8
¥ . £,
@ 5
: / ,/’ /
%ﬁ / }/ (s
§ . ,./M,/’ 200°
4 L1 o » - @ r ]
o
502 3 IQ‘

ANNEALING TIME — SECORDS

Figure 20: Drop in Hardness values and increase in subgrain size with increase in

annealing temperature and time for 80% C.W Al crystal [2].

34



2-11. Static Restorations after Hot Working

At the end of deformation, the hot worked substructures may be subjected to two
different conditions known as holding temperature (Ty) where each specimen is held at
the deformation temperature and annealing temperature (T,) where all are annealed at a
specific temperature. In multi stage processing, the static restoration between passes has
an influence on the hot worked metal’s properties for the subsequent pass. It is therefore
important to simulate such a schedule where the progress of SRV and SRX (Ty= Tp) at
various holding times can be found by microscopic examination and by strength and
hardness measurements [44, 45]. A technique to find out the fractional softening (FS)
during the holding after a certain deformation stage relative to the strain hardening from

the original strength o, at the start of the deformation is as follows (Eqn 11) [44-50]

FSi = (Omi-Or (i+1))/ (Omi — Oo) (11)

Where i is the number of the stage, o, is maximum stress in the stage and o, (i+1) is the
strength on reloading after the interval (Fig 21). This isothermal method indicates a rapid
rate of SRX because there is no SRV during cooling or reheating. The progress of SRX
can be studied from the sequences of accelerated softening and plateau in the FS versus
time curves [46]. “If there are multiple stages and FS; is found to be less than unity then
there is partial SRX and strain accumulation” [49, 50]. The FS values for Al 99.997 and
Al-0.5Mg at various working temperatures and different times were reported by
McQueen et al. [51]. It is seen that FS values at 100°C for Al 99.997 was 9% for 30s

compared to 7.7% for Al-0.5Mg for 15s. With increasing & values of 0.4 and 0.8
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corresponding with temperature rise, the FS values increased proportionally for both

alloys (Fig 21). Restoration increases with both duration of interval and prestrain [52].

When held at different Ty = Tp for particular holding times, SRX is observed for
A199.997, Al-0.5Mg and Al-0.96Mg. In Al 99.997, the dislocations inside the subgrains
start rearranging followed by subgrain growth. This leads to reduced flow stress on
further forming [17]. On further holding, SRV drives the subgrains towards nucleation
and SRX. At a € of 2.45 and 375°C, SRX was complete in 15.9s. Whereas as Ty = Tp
increased to 450°C, the specimen underwent completely SRX in 2.2s. The increased
thermal activation during the holding speeds up the recrystallization. The time for
complete recrystallization (tg) of Al 99.997 is only 2.2s compared to 16s for Al-0.5Mg
and Al-0.96Mg at 450°C (Fig 22, 23,24). Therefore it is concluded that tg is higher for
alloys with solute content. This may be attributed to higher activation energy and

decrease in grain boundary mobility due segregation of Mg atoms to GB in Al-Mg alloys

[51].

Cotner and Tegart [53] showed that under constant deformation conditions as Mg
content rises above 2%, tg is only 42s compared to 200s for Al 99.95;. the possible cause
is that Mg greatly increases the energy driving force. This can be confirmed by increased
flow stress values of 70MPa for Al-Mg alloys compared to 35MPa in Al 99.997 [51] (Fig

25). Subgrain size decreases as Mg content rises.
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When Al is annealed at 400°C, there is higher degree of SRV over a period of
time than cold worked Al due to high degree of DRV. There is 50% softening of Al in
contrast to Cu and Ni [55-60]. The dislocations inside the subgrains start rearranging
followed by subgrain growth. This leads to reduced flow stress on further forming. On
further holding, SRV allows some subgrains to develop nucleation and SRX. SRX takes
place but slowly when compared to FCC metals of lower SFE [55]. This happens due to
reduced strain energy resulting from high DRV. In the case of solid solution alloys like

Al-2Mg, SRX is slowed down due to segregation of Mg on grain boundaries.
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Figure 22: Micrographs of Al 99.997 exhibiting deformed grains ( € = 2.45)

450°C, 2.2s Xg = 0.95 [51].

Figure 23: Micrographs of Al-0.5Mg exhibiting

deformed grains (e = 2.45) 450°C, 16s Xg = 0.95[51].
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Figure 24: Micrographs of Al-0.96Mg exhibiting

deformed grains (¢ = 2.45) 450°C, 15s Xg = 0.95 [51].
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2-12. Grain Growth

Grain growth occurs when strain free grains are heated for prolonged time at or
above the recrystallization temperature. When brass (70% Cu -30% Zn) was heated for
10 min at 700°C, there was a decrease in grain boundary area (mm*mm’) due to
extensive grain growth (Fig 26, 27) [31]. It caused a big drop in hardness value from
60BHN to 33BHN due to increased grain size associated with decrease in grain boundary
area and is also related to Hall-Petch effect. Grain growth is strongly dependent on T and
can be inhibited by the presence of second phase particles [7]. Grain growth can be
reduced by having a single phase and plastically deforming it followed by

recrystallization.
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Figure 27: Grain Growth of Brass at 700°C in 10 min [31].
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CHAPTER THREE

EXPERIMENTAL PROCEDURE AND ANALYSIS OF DATA

3-1. Introduction

In order to simulate conditions of hot working at high temperature and strain rate,
torsion testing has been employed by metallurgical engineers for many years. It is useful
in determining many mechanical properties and evaluating forgeability of materials. It
basically comprises twisting a cylindrical bar specimen with a reduced diameter gage
section between a fixed grip and a rotating grip. Large amounts of strain and constant
strain rates can be achieved in torsion without plastic instabilities such as necking and

barreling [61].

Minor factors playing a role in torsion testing mode must be taken into
consideration and ére as follows. In torsion, the strain and strain rate increase from zero
on the axis to the surface. This has to be taken into account when stress and strain curves
are calculated. Due to high temperature damage mechanisms, there may be possibility of

fracture at high strains [61].
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3-2. Test Material

Aluminum samples were supplied in a single batch and their alloy chemistry is
given in Table 1. Torsion specimens were machined with one end having rectangular
cross section while the other end had a threaded portion. This was done for easy insertion
and removal without straining the test piece. When the specimens are heated they expand

lengthwise by 0.2-1mm, buckling is prevented by slip in the slot grip [61].A diagram of

the test specimen with gauge and shoulder section is shown in Fig 28.

Table 1: Chemical composition of Al 99.9%

Alloy Composition % Al

Fe

Si

99.9

0.03

0.02

0.01
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Figure 28: Test specimen geometry [2].
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3-3. Heat Treatment, Thermal Cycles and Testing Procedure

Before the actual testing, the Al specimens were heat treated in a Lindberg Hevi-
Duty high temperature resistance furnace at 500°C for three hours. Heat treatment was
necessary to provide grain size uniformity. The furnace temperatures were controlled by
a thermocouple which was pressed against the centre of the gauge section. Argon gas was

used to prevent oxidation of Al specimens [2].

The specimens were then subjected to series of strain path tests either in the
forward or reverse direction (Table 2). The average flow stresses for each stage were
calculated for the given test conditions in accordance with the flow stress values of the
flow curves. The standard values of Q, a, n and A were taken from various papers [6,13].
The as-worked specimens were then microscopically examined using optical microscopy.
Annealing operations were performed on the as-worked specimens at 400°C to detect
possible changes in microstructure. Micrographs were taken for the as-worked and

annealed specimens with torsion axis in the horizontal direction.
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3-4. Torsion Machine

The torsion machine was constructed and designed by Fulop et al [61]. The lathe
bed 2.5m long provides longitudinal alignment for the motor and supports the furnace
system. The machine is equipped at one end by a dual valve hydraulic motor and at the
other end by the 113 Nm torque cell (Fig 29) [2]. The motor twists the specimens while
the torque cell measures the resulting torques. The hydraulic motor has low flow and high
flow servovalves which provide twist rates of 0.02 rev/sec to 10 rev/sec. The motor can
provide a maximum torque of 120Nm and has pumping capacity of 750cm’/sec (Fig 30)
[2, 61]). The torque cell output is directed to a transducer conditioner circuit. To obtain
accurate output, the load cell’s range is set to 100%, 50% or 10% full scale (Fig 31) [2,

61].

A closed loop system is used for the machine control. Using conventional
feedback control, comparison is made between the command value and feedback signal
from the rotary transducer. An IBM-PC compatible 1 GHz was used to record the twist

and torque values at fixed intervals of time.

The specimens are gripped by two nickel based (INCONEL 713C) [2] loading
bars which are connected to the hydraulic motor and torque cell by self aligning chucks.
These loading bars are 17 in diameter with 309 stainless steel end adapters. In order to
facilitate specimen insertion and removal for manual quenching, the torque bar, bearing
assemblies and torque cell which are on the lathe bed can be moved axially. The lathe

carriage can be locked in its position during the test by bolting it down to the lathe bed.
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Manual quenching is done by removing the specimen from the furnace shell
longitudinally by displacing the entire torque cell assembly and showering it with water

in about 3s (Fig 32).

An electrically heated 4 tube radiant furnace is used for test specimen heating (Fig
33) [2,61]. It has a water cooled aluminum shell which reflects and focuses the thermal
energy to the centre line. The furnace is capable of maintaining a maximum temperature
of 1100°C. The specimen is enclosed in a quartz tube within which argon atmosphere is

maintained . The quartz tube ends are sealed by water cooled sleeves.

Temperature control is done by an external programming device known as
process programmer along with proportioning controller. The test temperature is set by
the process programmer. A K-type (chromel-alumel) thermocouple supplies the feedback
signal back to the controller. It is placed against the gauge section approximately /4’
from the stationary shoulder by tying it to the specimen by INCONEL wire. Test

temperatures used in the furnace ranged from 400-500°C.
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3-5. Stress and Strain Conversion

In metals, determination of strain rate and stress is essential for analyzing
deformation behavior. In the case of solid specimens, the stress at a point is expressed by
calculating the normal and shear stresses acting on three mutually perpendicular oriented
planes passing through the point [2,7]. The stress tensor can be reduced to 3 normal
stresses acting on mutually orthogonal planes; the plane of normal stress and zero shear
stress are known as principal planes. Similarly there are principal strains associated with
these stresses. As in the case of torsion test, it is observed that there is a radial

distribution of stress and strain rate from zero at the axis to a maximum at the surface.

Recorded data from the torsion is in the form of torque versus angle of twist.

Hence torque (I') must be converted to torsional surface shear stress (T) using the Fields-

Backofen equation [61]

T =@+m+n”)/2n (12)

where I" = Torsional moment
m = strain rate sensitivity
n’’= strain hardening exponent

r = specimen gauge radius

53



The torsional strain on the surface (Y) of the specimen [2] is calculated using

Y =2N/L, (13)

where N = number of turns

L, = Original gauge length

The calculated torsional shear stress and strains must be converted into equivalent

stresses (O¢q) and strains (€.,) using von Mises yield criterion [61]

Oeq =V37T (14)

€eq = Y3 (15)
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3-6. Microscopic Examination

All the samples went through a series of grinding and polishing steps before they
were etched. Rough grinding was done on the samples using silicon carbide (SiC) grit
paper of sizes 240,320, 400 and 600 respectively. This was done to produce even surface
with scratches in one direction. Then fine grinding was done using SiC grit paper of sizes
800 and 1200. Liquid hand-soap was used for easy removal of dirt during the process and
facilitate elimination of scratches. After each step of the grinding, the samples were
washed with distilled water to remove grit particles sticking to the sample. Once the
samples were almost free of scratches and dirt marks, they were rough polished on pellon
I polishing cloth using diamond extender (oil base) as the lubricant. Now, the sample was
washed with ethanol to remove traces of oil sticking onto the specimens. After that, fine
polishing is done to produce a shining surface using colloidal silica suspension (0.05u).
The specimens were thoroughly washed with distilled water to remove particles. Now
the samples are ready for etching. The etchant used in this experiment was a solution of

hydrofluoric acid (10%) and distilled water (90%). The etching time was roughly 7 mins.

The samples were microscopically examined using an Olympus BX 51M optical

microscope and photographs were taken using Q-Imaging camera which was connected

to the microscope.
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CHAPTER FOUR

EXPERIMENTAL RESULTS

Overview

99.9% Aluminum specimens were subjected to strain path change tests during
high temperature deformation and were classified into five groups such as I, II, III, IV
and V respectively (Table 2). In group I, hot torsion tests were performed for five
specimens of 99.9A1 at 400°C, 0.1s”. These specimens were strained up to strains of 0.2,
0.5, 1 and 5 respectively. Group Il were also done at same temperatures and strain rate
but followed by change in strain path by reversing strains from 0.5 to 0.2 or 0.5 to 0. In
group III series, three specimens were tested at 400°C and strain rates of 0.004 or 0.1s”,
under reversing strains of 0.5 to 0.2 or 0.5 to 0 and also advancing 0.5-1. Group IV tests
were done at constant Z values under 400°C, 0.004s” or 500°C, 0.1s" to advancing
strains of 0.5. In the last series specimens were subjected to change in temperature from
400 to 500°C at 0.1s” with advancing strain of 0.5 followed by reversing strains of 0.2
and 0. The as-worked specimens in group I and group II were also annealed at 400°C at

equal logarithmic intervals to detect the occurrence of SRX.

Flow curves of ¢ versus &€ were plotted so that the critical points could be
discussed in relation to deformation parameters and subgrain sizes. The measured flow
stresses were compared with values calculated from the literature (Tables 2, 3, 4). Optical
microscopy was conducted on as-worked group I and group II specimens to detect the

occurrence of restoration mechanisms by observing characteristics such as grain
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elongation, subgrains and deformation bands. Annealed specimens are then discussed in

comparison with each other to detect partial and complete SRX.

For test conditions 400-0.1, 400-0.004 and 500-0.1 either in the forward or
backward path, the average plateau flow stresses are calculated (Table 3). Values from
specimens 1 and 2 are omitted from the average as they seem to be too low; this may be

due to large grain size.

The flow stresses (o) are also calculated for conditions 400-0.1, 400-0.004 and

500-0.1 using the following equation

Z = & exp (Q/RT) = A(sinhacy)" (16)

where Z: Zener-Hollomon parameter (s'), £ : strain rate (s'), Q: activation energy

(150kJ/mol), R: universal gas constant (8.314J/mol K), T: temperature (K), a: constant

(0.0054MPa™"), A: constant (s"') (LogA=8), n: constant (7) [6].
g

The calculated values for the flow stresses are found to be 29.26MPa (400-0.1),

22.18MPa (400-0.004), 21.64MPa (500-0.1) (Table 4). The logZ values for 400-0.1,400-

0.004 and 500-0.1 are found to be as 10.64, 9.24 and 9.13 (Table 4).
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Table 2: Test conditions of 99.9%Al samples (Flow stress, o).

Test First Stage Second Stage Figure

No T, £ Strain Final o T, & Strain Initial 6 Final 6 | No
°C, s € MPa °C, s g MPa MPa
Group I

1 400-0.1 0.2 23 34

2 400-0.1 0.5 23.5 34

5 400-0.1 0.5 26 400-0.1 —1 26 26.5 | 34

6 400-0.1 0.5 27.5 400-0.1 -5 27 275 | 34
Group I

3 400-0.1 0.5 27.5 400-0.1 0.2« 275 27.5 |39

4 400-0.1 0.5 27.5 400-0.1 0« 275 275 |40
Group HI

7 400-0.1 0.5 27.5 400-0.004 —1 22.5 22.5 |43,50,51

8 400-0.1 05 27.5 400-0.004 0.2 205 225 |44

9 400-0.1 0.5 27.5 400-0.004 O« 20.5 22.5 | 45,50
Group IV

10 400-0.004 0.5 22.5 46,50,51

11 500-0.1 0.5 25 47,48,51
Group V

12 400-0.1 0.5 27.5 500-0.1 —1 22 25 |48

13 400-0.1 0.5 27.5 500-0.1 0.2« 20 25 |48

14 400-0.1 0.5 27.5 500-0.1 O« 21 25 |49
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Table 3: Measured average plateau stresses for test conditions.

Test conditions Average measured plateau stresses MPa
T- & Forward path Reverse path
OC _ S-I

400-0.1 27.5 27.5

400-0.004 22.5 22.5

500-0.1 25 25

Table 4: Calculated flow stresses and logZ values for the given conditions.

Test conditions | Calculated Flow stresses logZ | Subgrain size
T- & (o5) d
°C.g! MPa pum
400-0.1 29.26 10.64 | 4.5
400-0.004 22.18 924 16.5
500-0.1 21.64 9.13 |75

59




4-1. ANALYSIS OF FLOW CURVES WITH METALLOGRAPHY

4-1.1. Group 1

Four specimens were torsion tested to various strains of 0.2, 0.5, 1 and 5
respectively (Table 2). The flow curves indicate that there is initial strain hardening. The
curves then settle into a steady state plateau at strain of 0.2. In specimen 1, a flow stress
of 20MPa is achieved at a strain of 0.2, but in specimens 2, 5 and 6 flow stresses reaches
23, 26 and 27MPa at strains of 0.5 (Fig 34). In the second stage, in the forward path flow
curves of specimens 5 and 6 reach 26.5 and 27.5MPa up to strains of 1 and 5, thus
remaining unchanged. Under 400-0.1, the average measured flow stresses (Table 3)
almost agree with the calculated flow stress values (Table 4). Specimen 1 and 2 have
slightly lower values than the calculated flow stresses which may be due to initial larger
grains in the specimens. The constant flow stress values at high strains without a prior

peak indicate the occurrence of DRV in the specimens.

The as-worked specimens were microscopically examined. Specimen 1 revealed
the evidence of deformation bands and large grains of somewhat equiaxed character
along the surface (Fig 35). Specimen 2 showed elongated grains and medium grains of
equiaxed character with deformation bands (Fig 36). In specimens which had second
stage up to strains of 1 and 5, there was strong presence of deformation bands near the
surface which was evidence of high straining in the surfaces. Elongated grains of medium
size with strain markings were noticed. As effect of strain in the centre is minimum, there

were large grains with little or no strain markings (Fig 37, 38).
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Figure 35: Optical micrographs of as-worked specimen 1 at 400-0.1-0.2 with deformation

bands (Flow curve, Fig 34).
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Figure 37: Optical micrographs of as-worked specimen 5 at 400-0.1-0.5-400-0.1-1

(Flow curve, Fig 34).
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Figure 38: Optical micrographs of as-worked specimen 6 at 400-0.1-0.5-400-0.1-5 with

deformation bands and serrated boundaries (Flow curve, Fig 34).
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4-1.2. Group 11

In this group, there was a strain path change test at 400°C, where specimens 3 and
4 were deformed up to the strain of 0.5 and subsequently deformed backwards to strains
of 0.2 and 0 (Table 2). When the flow curves are compared with one another, it is seen
both of them have initial strain hardening. In these specimens, the steady state plateau is
reached at 27.5MPa at a strain of 0.3 (Fig 39, 40). In the second stage, when deformed in
the backward direction to strains of 0.2 and 0. The steady state is established at the same
value of 27.5MPa as in the forward direction. The same flow stress values in both
directions indicate that there was neglible Bauschinger effect. The occurrence of the same
steady state in both directions reveals the occurrence of DRV. The average measured

flow stresses from the curves fit with the calculated flow stresses (Tables 3, 4).

In the as-worked condition, specimen 3 revealed elongated grains with serrated
GB and presence of deformation bands near the surface (Fig 41). There was considerable
presence of equiaxed grains of medium sized in the centre of the specimen. In specimen
4, near some grooves, there were fine grains of smaller size. In the surface, elongated
grains of medium size with serrated boundaries were observed (Fig 42). At the centre of
the specimen, equiaxed grains of similar size were seen. Hence it can be concluded that
during the forward path, grains become elongated with increase in strain. But when
strained backwards, the elongated grains mainly become equiaxed in character and

appecarance.
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Figure 39 : Flow curve of Al at 400 - 0.1 - 0.5-400- 0.1 - 0.2.
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