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ABSTRACT

Three microalloyed steels of a series of six were hot compressed
at constant true strain rates in the temperature range 875 to 925° to
determine their high temperature flow behaviowr. Of these 0.07% C + 1.258
Mn based steels, those containing additions of (D 0.20%8 Mo and (ii) 0.20%
Mo + 0.08% Al were tested as a part of this study. The results of a fourth
steel ocontaining 0.08% Al were introduced for purposes of comparson.

The influence of aluminum and molybdenum in solid salution an the
yield strength of the steels was measured over the experimental
temperature and strain rate range prior to the occurrence of precipitation.
"On an equal atom fraction basis, the malybdenum addition appeared to have
a greater salute strengthening effect than aluminum. Results show that the
addition of 0.08% -Al (total) retards the onset of recrystallization in the
fain C and 0.20% Mo steels. This further effect is believed to result from
dynamic precipitation. The PTT curves determined for the - Al and Al-Mo
steels suggest that the addition of malybdenum accelerates the onset of
dynamic precipitation. Comparison with a similar steel containing 0.30% Mo
and 0.065% Al indicated that the substitution of aluminum for some of the
malybdenum does not improve the hot deformation behaviour aof the steel to
suit contralled ralling applications. This may, in part, be due to difficulties
in contralling the steelmaking practices. (the level of aluminum in salution
as. opposed to total amount is difficult to contral, as was observed to be
the case here). )



RESUME

Des tests de compression a haute température variant entre 875 et
925°C et a vitesse de défarmation wraie constante ont &té effectués sur
trais d'une série de six aciers microalliés, De ces six aciers a base de 0.07 %
C et 1.25% Mn, ceux contenant des additions de (1) 0.20% Mo et (ii) 0.20%
Mo + 0.08% Al ont fait l'objet de cette etude. Les données provenant d'un
quatrieme acier contenant 0.08% . Al ont & introduites pour fins de
com"%;araison.

L'influence de l'aluminium et du molybdéne en salution saolide sur
la limjte elastique des aciers a eté measurSe pour chaque température et
vitesse de deformation utilisée avant l'apparition de précipitation ‘provoquée
par la déformation. Pour wne méme fraction atomique, Ia présence de
malybdéne sous farme de solute a paru apporter un plus grand effet de
renforcement que celle de l'aluminium. Les résultats indiquent que 1'addition
de 0.08% Al (total) retarde le Gébut de la recrystallization dans l'acier au
carbone ainsi que celui contenant 0.20% Mo. Cet effet additionnel semblé
povenir d'une précipitation dynamique. Les oourbes précipitation-
temps—temperature (PTT) déterminées pour les deux aciers contenant de
l'aluminium suggerent que 1'addition de malybdéne accelérent le début de la
récipitation dynamigue. Une comparaison avec un acier similaire contenant
0.30% Mo et 0.065% Al a indiqué que le remplacement partiel du malybdéne
par de l'aluminium n'améliore pas le comportement a chaud de l'acier pour
satisfaire a des applications en laminage contrallé, Ceci peut, en parte,
ére & aux difficult;s rencontrer lars de la production d'acier
(contrairement a la quantité totale d'aluminium présente dans l'acier, le
niveau en salution est difficile a contraller, tel qu'observé dans ce cas-ci).
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CHAPTER 1

xNTRODUCTK)R\

One of the most impartant developments in ferrous metallurgy n
this century may well be the large scale production of high-strength
low-alloy (HSLA) steels. These steels constitute a class of enémeering
materials which feature simultaneously a high strength-to-weight ratio,
superior toughness and reasonable weldability (1, 2). Production of steels
with these properties depends strongly on the contral of softening
mechanisms such as recovery and recrystallization which occur during some
stages of rolling. Many of the advances associated with the development of
HSLA steels result from the application of contralled rolling. In this process,
microalloying additions as well as thermomechanical processing are utilized
in arder to achieve a desired combination of mechanical properties through
microstructural contral. The contralled rulling of HSLA steels is a relatively
inexpensive production technalogy (3). The total microalloy content of these
steels seldom exceeds 0.1% by weight. Mdst impartantly, the assocated
thermomechanical processing precludes the need for further heat treatment
(Fig.1l.1). RN
Microalloying elements such as Mo, Nb, Ti and V-are added to HSLA
steels as salutes but also as carbonitride forming agents which precipitate in
the austenite phase inside the finishing stages of rolling. By contxalling this
precipitation, it is possible to retard ar arrest recovery and recrystallization,
enabling the production of a "pancaked" austenite grain structure. Upon
transformation, such a structure provides a maximum number of ferrite
nucleation sites, resulting in a fine ferrite grain size. The fine ferrite grain
size iS responsible for™ the high strength and superior toughness of
microalloyed steels at application temperatures. Yield strengths in the range
350 to 700 MPa may be achieved in the as-ralled condition, thereby doubling
the strength levels of mild steels (4). The simultaneous attainment of high
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srength, superior toughness and reasonable weldability has resulted in the
increasing degand for these economical materials for use in natural gas
transmission pipelines, ship plates, off-shore drlling platforms and
automotive applications (5).

The microalloying elements added’to HSLA steels are known to
retard austenite recrystallization and whether they fulfill their purposes--as
salutes ar as precipitate formers is fairly well understood today. Malybdenum
is generally added to microalloyed steels containing niobium and/cx vanadium
to enable higher strength levelslto be attained. Alumunum is recognized as a
widely used deoxidating agent and reacts with nitrogen to form AIN. Despite
their widespread uses, the effect of malybdenum added jaintly with aluminum
on the microstructural processes taking place during contralled ralling, i.e.
the recrystallization of austenite and the strain-induced precipitation of AIN
in this case, is not well known. The primary objective of the present study is
to det._rmme the efﬁect of AIN pre@pltatlon on the onset of dynamic
recrysta.hzatlon during the high temperature defarmation of microalloyed
austenite. A subsidiary aim is to investigate the influence of malybdenum
addition an the kinetics of AIN precipitation. Comparison between the results

‘of this wark with the ones obtained in a previous study will reveal if the

partial substitution of Al for the mare expensive Mo can make the steel
suitable to sat.iséy contralled ralling applications. Finally, by measuring the
influence of the Al and Mg additions cn the yield strength, Le. on the ease
of dynamic recovery, prior to the occurence of strain-induced precipitation,
the experiments w:ill' permit the determination of the relative influence
of the microalloying elements in solution. ‘
Although the investigabon is concerned with the initiation of
dynamic recrystallization and dynamic precipitation, the relative influence of
the microalloying additions on the static processes, of greater interest under
industrial ralling conditions, can be established from these experiments.




CHAPTER 2 ' N - -

LITERATURE REVIEW -

2.1 DEVELOPMENT OF CONTROLLED ROLLING

2.1.1. Historical Settings

Half a century ago, the design of high strength structural steels
was based around the tensile strength of the material. Steel members were
beihg shaped in hot rolling mills where the temperature was kept as high as
possible (6) and the required tensile strength was achieved by increasing the
levels of elements such as carbon, manganese (7, 8), silicon, phosphorus and

by sometimes adding chromium, nickel “or copper (9). The process gave the
steels a coarse ferrite grain structure and, together with the high levels of
alloy additions present, resulted in poar toughness, weldability, formability
and increased cost.

By the early 1950's, it was demonstrated that a fine ferrite grain
size leads to a simultaneous increase in yield strength and a decrease in the
Impact Transition Temperature (LT.T.) (10-12). This finding accelerated the
wide scale introduction of normalized steels featuring finer grain sizes (13),
It was not yet\ appreciated that the influence of manganese on grain
refinement was through decreasing the austenite to ferrite transformation
temperature. Namalized steels were produged with small amounts of grain
refining agents such as aluminum and later on, malybdenum, niobium, titanium
and vanadium (14). At that time, the so-called High Strength Log Alloy
(HSLA) and plain carbon steels were produced in similar ways. -

Farming operations may a« may not have been followed by heat
treatments to produce the required properties. Such procedures led to a
coarse asrolled austenite grain size and the resulting strength and impact
properties were not very good. The salution to the problem came when it
was realized that hot rolling could not only be a shaping method but also a
thermomechanical process capable of improving the properties of hot-ralled

-
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steels, One of the pioneer warks was done by Somnarfvets Jernverk in
Sweden around 1940 in which the finish rolling temperature was substantially
lbwer than that employed in oonventional practice (15), Such a technique
produced a fine austenite and consequently a fine ferrite grain size while
;réierving the benefits of precipitation strengthening. This process, which
eliminated the need of further heat treatment, was called "contralled rolling”
in 1958 by Vanderbeck (15). Several years passed before controlled rolling
was universally accepted, mainly because of the insufficient knowledge of
the mechanisms invalved (16).

Since the mid 1960's, controlled rolling has been increasingly
utilized to produce HSLA steels. Several factars are responsible for its large
scale applications. These inclide increasing the understanding of the role of
microalloy additions (e.g. Nb, Ti and V) to HSLA steels during controlled
ralling, the energy crisis of the 1970's as well as the increasing demands by
the ail and gas industry for steels with high yield strengths, superior
fracture toughn&s and improved weldability. Today, contral-rolled HSLA
steels are used in a wide range of applications such as pipelines, kridges,
ships and transportation vehicles (7, 13). Some of the majxr metallurgical
phenomena involved in contralled rolling are reviewed dn the following
sections.

2.1.2. Concept of Contralled Ralling

The concept of contralled ralling consists of monitoring the rolling
ocess parameters such that the required product properties are obtained
without any further heat treatments. Properties such as high strength and
good toughness are achieved simultaneously by refining the ferritic grain
structure. Hence, by ocontrolling the interpass times, the temperature, the
rate and the amount of deformation per pass, steels are now finish ralled at
temperatures lower than in conventional rolling in ader to refine the

This thermomechanical process is often considered to have three
(17) o four stages (18). These stages are reheating (ax soaking), roughing,
finishing and if the product is sufficiently thin, coiling (17, 19-23). The basic

$
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metallurgical principles of the first three.stages are illustrated in Fig. 2.1
and are discussed individually ir. the following sections.

2.1.2.1. Reheating -
Also called spaking, this primary stage consists of reheatjng‘th;
material at temperatures in the range 1100 o 1300 °C befare ingtiating the
ralling process. The purpose of this operation is to obtain a uniform initial
grain size throughout the material and to dissalve the required microalloy
carbonitrides preﬁentmtho&eel, The latter is often t{me criterion to be
satisfied in determining the minimum reheating temperature, particularly in
conventional contralled ralling.
o The chaice of any reheating_ temperature should be carefully
determined since it concerns both economic and metallurgical aspects of the
process. Hence, high reheating temperatures, which are often necessary,
should be awaided when possible because of their greater energy
requirements and also, bacause of the lonc}er halding times needed to coal
the material tc the desired ralling temperatures. High reheating temperatures
yield relatively large grains. Although their refinement requires large
amounts of reduction, lighter rolling loads are needed due to the material
being softer. On the cther hand, the use of low reheating temperatures
vields relatively small austenite grains and consequently, allows for "easy"
grain refinement.- Th:s is partly because the amount of defarmation reguired
for the onset of recrystallization decreases with smaller initial grain sizes.
Reheating temperatures below .the carbonitride solution temperature can also
be used. In this case, smaller austenite grains can be produced due to the
control of grain coarsening hrought about by undissolved microalloy
precipitates (25)., However, these undissolved precipitates lower a) the
amount of solutes (in supersaturation) and b) the overall contribution of
precipitation upon retarding recrystallization during the later stages of
ralling. They also reduce the amount of precipitation available . far
strengthening in the ferrite phase (25).

s
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2.1.2.2. Roughing
Once the reheating stage is completed, the material is coaled down

to the temperature at which the roning process is initiated. The series of
reductions carried out in the high temperature range (roughly 1150 to about
950°C) constitutes the roughing 3tage, where several cycles of
recrystallization are generated in arder to refine the austenite grains. Two
regions can be distinguished in this temperature range. The primary one,
ranging from 1150 to 1050°¢, is a region where static recrystallization takes
place very rapidly (within seconds or less) and is followed by some grain
growth. This range is shown in Fig. 2.2 as Region L Below 1050°C, the
static recrystallization kinetics are somewhat slower. In the cases where the
time required for the oompletion of static recrystallization becomes
comparable to the interpass times, incomplete or partial recrystallization
may result, leading to an undesirable grain structure. This is shown in Fig.
2.2 as Region I, path A. However, a proper selection of the .strain and srain
rate permits the occurence of complete static recrystallization (Region II,
path B) and continuation of roughing down to approximately 950°C. The final
state of the grain structure after roughing ideally consists of refined but
relatively large austenite grains.
0

2.1.2.3 Finishing " L

As the rolling temperature decreases further, a point is reached
where complete static recrystallization is no longer possible within the
interpass times. A transition must therefore take place from thie roughing toi
the finishing stage.

“In the latter one, an elongated and heavily deformed austenite grain
structure is ideally produced without the occurence of any recrystallization
(Fig. 2.2, Region ID. Fa this purpose, the temperature at which finishing
starts must be below that at which strain induced precipitation can produce
a sufficient volume fraction of small particles to mrevent, ar at least delay,
the beginning of recrystallization. The success of the finishing stage also
depends on the amoint of deformation per pass. Hence, as finishing proceeds
and the strains of several passes are accumulated, recrystallization times get



TEMPERATURE

-0 -

DEFORMATION RECRYSTALLIZATION
REGION I
N i
Ol v —— O
E )
{9
REGION I
O]
<
Zl - A i§§§§§
5. ped
= qg; —
@ ~
f | : B Cﬁgb
REGION I
W
8 £ === =
B
(7p]
Ars, TEMPERATURE
O
=
£ REGION I¥
24
<
'

s _ Ry

TIME —0—>

foad

Fiqure 2.2 Changes in austenite grains during controlled rolling.

ey




-10 -

shartened. However, the accumulation of strains in a large number of series
of small pasees” at decreasing temperatures produces a maore effective
retardation than a small number of series of large reductions (26). This
resumahbly arises because agiditional nucleation of precipitates takes place
after each pass as a result of the decreasing salubility. On the other hand,
small reductions per pass (Le. < 10 - 14%) followed by halding times at high
temperatures can generate a phenomenon known as abnarmal grain growth
resulting in the formation of non-uniform coarse grains (27-29). It becomes
important to carefully estahlish the reductions per pass if an ::xu'emely fine
grained ar heavily flattened austenite structure is to be obtained. This type
of structure exhibits a very high ratio- of grain bbundary area/vaolume which, -
upon trarsformation,,{fgvours the nucleation of fine palygonal ferrite.

Finally, a fourth region in the contralled rolling process appears
when finishing is carried out below the transformation temperature from
austenite to ferrite Ar, (Fig. 2.2, Region IV). The resulting refinement of
ferrite structures accompanied by the effect of substructure formation and
separation can both improve the strength and lower the FATT (Fracture
Appearance Transition Temperature) ‘(6, 28).

During narmal contrdfed ralling, all of the microalloying elements
do not precipitate in austenite. This leads to precipitation in ferrite during
coaling with resulting precipitation hardening. The dispersion of fine
precipitates may, under certain drcumstances, increase the ferrite
nucleation rate and also help to restrict the growth of the ferrite grains
after transformation (6, 28). In this way, grain sii:z_es of about 5pummay be
obtained in thin plates of commercially contralled rolled HSLA steels (6, 30).

\

2.1.3. Coaling

Caoaling constitutes a natural and integral part of controlled rolling.
Its contral can yield. excellent results in terms of economy, productivity and __ .
material properties. Rapid coaling rates tend to lower the transformation
temperature, prevent austenite recrystallization prior to transformation and
reduce the extent ¢f carbonitride precipitation in austenite '(7).ZThe resulting
enhanced precipitation in ferrite is both a source of ferrite grain refinement
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and improved précipitation strengthening due to the foarmation of Sner
precipitates at low temperatures. Also, the decrease in the transfarmation
?emperature helps reduce ferrite grain coarsening.

In mrinciple, this leads to an excellent comhination of strength and
toughness. Nevertheless, when the coaling rates are too high, toughness may
be reduced as a result of bainite formation. The optimum codling rates must
therefore be determined in connection with the ha’trdenabﬁity of steel.

2.2 SOFTENING MECHANISMS INVOLVED IN CONTROLLED ROLLING
Al

The whaole concept of controlled rolling rests on the abﬂity‘ to
control the relevant softening processes. The latter have a significant effect
on the hot strength of austenite and are of vital import;ance in determining
the final properties of a hot rolled steel. These processes can act during
deformation, ie. inside the rall gap, a during the interpass Hime, which is
the time between two successive rolling passes. ; Softening takes place inside
the rall gap by dynamic recovery and occasionally by dynamic
recrystallization. The restoration processes that occur during the interpass
times are static recovery, static recrystallization and occasionally
metadynamic -ecrystallization (3l). The predominant softening mechanism
depends on the interaction between processing parameters such as the
temperature, strain and strain rate.‘ It is also affected by materal
parameters such as grain size, stacking faultmgnwergy and precipitation
characteristics (32, 33). Each of these softening mechanisms is examined in
more detail below.

2.2.1. Softening in the Rall Gap . °

2.2.1.1. Dynamic Recovery
The mechanism of recovery invalves the motion and annihilation of

gaint defects and of point defect agglomerates. This softening process leads
to a reduction in the dislocation density and therefore decreases the yield
strength of the material.

L4 —-
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In the early stages of hot deformation; the flow stress rises as the
dislocation density increases” in the material. The initially equiaxed grains
become elongated and, fallowing some rearrangement and annihilation of
dislocations, equiaxed substructures begin to form inside these grains. The
extent of subgrain formation increases with increasing temperature and
decreasing strain rate (34, 35).

Beyond the formation of substructures, further straining can lead to
either a stabilization of the structure ar an accumulation of dislocations
depending on the stacking fault energy of the material and the farmation
conditions. In high stacking fault energy materials, such as Al and bce
metals, ffie rate of work hardening gradually decreases with strain until the
flow stress reaches a steady state. The resulting grains are ’more elongated
but the subgrains maintain a constant size and shape. This condition of
&ent:ially constant dislocation density is due to a balance between the rates
of dislocation creation and annihilation (36). 4

In moderate ar low stacking fault energy materals, such as steel in
the austernite phase, smaller subgrains develop with very tangled boundaries.
In this case, dynamic recovery alone is not able to reduce the dislocation
density to stahle levels during deformation (36). The rate of dislocatior
accumulation becomes relatively high and sufficient strain energy can be
stored within the subgrains to initiate dynamic recrystallization.

2.2.1.2. Dynamic Recrystallization

Once a critical dislocation density has been exceeded during
deformation, dynamic recrystallization takes place and produces a drop in
both dislocation density as well as flow stress. The exact location on the
flow curve where this process begins is not exactly known. Extensive
metallographic observations have indicated that dynamic recrystallization is
initiated at a critical strain which is about five-sixths the strain
ocarresponding to the peak in flow stress (37). The latter, referred to as peak
strain, is dightly higher than the critical strain because, while the first
nuclei are softening the material locally, the remaining part continues to get
stronger (17, 38, 39). However, for most practical purposes, this difference
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can be neglected and the peak strain can be -regarded as the critical strain
far the initiation of recrystallization (40, 41).

The predominant nucleation sites for dynamic recrystallization are
at the grain boundaries where dislocation densities are high (42) however,
deformation bands within the grains and subgrains can also act as nucleation
aites (43). The sze of the dynamucally recrystallized grains 1s not influenced
by the initial grain size before straining but is primarily contralled by a
comhination of the temperature and srain rate known as the Zener-Halloman

. (Q)
) Z = € exp
RT

L

"Z" parameter:

where € : Stramn Rate (s
Q: Activation Energy (cal/g male)
R: Universal Gas Constant 1.987 cal/(°)(male)
_ T: Testing Temperature k.

Féé recrystallized gramns are produced from conditions giving
higher values of 2 such as high strain rates and low temperatures (43, 44).
The peak strain for a qiven composition increases with increasing strain rate
and decreasing temperature (45, 46). It also increases with increasing initial
grain size even though the latter has no influence on the dynamically
recrystallized grain size (43, 44). .

Comparison of the reductions performed in a ralling pass with the
critical strain for dynamic recrystallization in austenite indicates that
dynamic recrystallization is most likely to occur during the early ralling
passes, when the temperatures are high and the strain rates relatively low,
and that it is more probable in plain carbon than in microalloyed steels.
However, under these oconditions, static recrystallization is also extremely
rapid and is likely to occur between passes, so that it may be difficult to
accumulate the dislocation densities required to initiate dynamic

recrystallization.

The mmle played by dynamic recrystallization during industrial —~

4
ralling is not yet known and requires more research. Nevertheless, many

-
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authars (47-49) discount the possibility of dynamic recrystallization taking
place during plate rolling, \aLthough in strip rolling, where the reduction per
pass 1s higher, this mechanism may play a significant role (41).

¢

2.2.2. Softening Duting the Interpass °

2.2.2.1. Static Recovery

In this primary restoration process, the subbdundanes become
sharper and the dislocation density within the subgrains 1s reduced with little
change in the shape a asze of these. '

Static recovery occurs when the matenal is unloaded and it does
not invalve an mncubation time (39). The main factors affecting the recovery
rate are the temperature, strain, strain rate and the addition of alloying
elements. The rate of recovery ncreases as the temperature, straut and
strain rate are increased (39). Static recovery is particularly J.mporéant n
the no-recrystallization stage of oontrolled rolhing because it 15 the

predominant softening mechanism.

§
{

}
2.2.2.2. Static Recrystallization
This type of recrystallization appears after the material is
unloaded. It results in the replacemeny of the strained microstructure by new:

strain-free- arains, with a large number of dislocations being absorbed by the
~ ———

migrating grain boundaries (50).
The critical strain required for the onset of static recrystallization

is usually small (of the arder of 108) (39). Once it is exceeded, an 1ncubation

time must elapse before recrystallization proceeds. Bcth the incubation time
and the rate of static recrystallization are influenced by the strain, strain
rate, temperature and initial grain size. Finer indtial grains and higher sain
rates decrease the incubation time and increase the rate of recrystallization
(24). The recrystallized grain size depends on the initial grain size and more
particularly on the specific grain boundary area si.nc)e grain boundaries are
the favowred sites for the nucleation of new grains (¥7, 38, 51).

Finer recrystallized grains are produced by deformation at higher
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strain rates and lower temperatures; such comhbinations correspond to higher
values of Z, the temperature corrected strain rate. This ameter, together
with the amount of defarmation, contral the iving farce for
recrystallization. k

Due to the small amounts of crdtical stram required, static
récrystallization is the most important recrystallization process to occur in
contralled rolling. By contralling its progress during the interpass times, the
desirable awstenite microstructure can be obtained during the roughing stage
of the rolling process.

»

2.2.2.3, Metadynamic Recrystallization

The third type of recrystallization observed is called metadynamic
and it also occurs after the matadal is unloaded. However, it differs from
the static type by the fact that 8ynamic recrystallization must have been
initiated before the interruption of straining (52). This also implies that
nuclei are already present when the load is removed and therefore, no
incubation time is invalved (53). .

Metadynamic recrystallization proceeds very‘ rapidly  upon
termination of defarmation but, nucleation for static recrystallization can
still take place in regions where dynamically formed nuclei are hot present.
The mnditions'favoucing metadynamic recrystallization are thé same as those
described for the dynamic type.

2.2.3, Formation of Mixed Grain Structure

The success of conventional controlled ralling rests in the ability to
achieve a fine and ‘uniform grain structure. Unfortunately, contral railed
steels sometimes exhibit a mixed grain structure consisting of fine and
coarse ferrite grains which seriously deteriorates the low temperature
mechanical properties. The formation of mixed (or duplex) ferrite-pearlite
microstructures depends directly on the state of austenite pror to
transformation. There are several reasons on how the austenite structure
results in a mixed grain size. In 1968, Jmnes and Rothwell reparted that
uhere‘part:ial recrystallization occurs, mixed grain sructures were produced
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by preferential recrystallization at austenite grain boundaries, grain interiors
being left unrecrystallized (23). This situation is encountered in ralling when
recrystallization times are comparable to the interpass times. Ancther cause
of mixed grain structure resides in the occurence of abnarmal grain growth.
This phenomenon is chserved when very light reductions per pass, which are
too weak to promote overall recrystallization, are applied (54). Once a mwed
grain structure is formed, it usually cannot be eliminated unless there are
many Surther rolling passes (55). By being further ralled, the recrystallized
regions in the vicimty of the mior 9rain boundaries tend to preferentially
recrysta];ize since they have a smaller grain size than the unrecrystallized
regions inaide the grains. The resulting microstructure seriously deteriorates
the toughness of the matenial. Itis therefore important to design the ralling
schedule such as to awaid the formation of a muxed grain structure. It is
possible to prevent partial recrystallization by applying reductions per pass
smaller than the critigal strain for recrystallization. This critical reduction
depends on the temperature and the initial grain size of the matenial. As
described later, the onset of recrystallization can be delayed by the addition
of microalloying elements.

Limiting the strains can lead to abnormal grain growth. The
prevention of abnormal grain growth requires the reduction per pass to be
greater than 10 to 14 %, particularly when delay periods are included in the
schedules (29). The above suggest that, whenever the tipes required to
obtain complete recrystallization become comparable to, a longer than, the
interpass times, a compromise in rolling reductions per pass should be
established to prevent the oceurence of both abnormal grain growth and
partial recrystallization.

2.3 ROLE OF MICROALLOYING ADDITIONS IN CONTROLLED ROLLING ~

Q

The importance of microalloying additions to steel comes from their
contribution to strength and toughness in the contral rolled product. Specific
eiements such as Al, Mo, Nb, Ti and V help retard recover}", recrystallization
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and sometimes suppress grain growth. Their beneficial action, when present
as either solutes and/ar carbonitride precipitates, is hriefly summarized in
the following.

- 2.3.1. Effects of Microalloying Additions as Sclutes

The presence of microalloying elements such as Al, Mo, Nb, V and
Ti in solution retard reéovery in deformed austenite and consequently delay
the onset &f recrystallization. However, they have less influence on the
progress of recrystallization once it is initiated. The retarding effect of the
elements in solution has been attributed to the following factors:
- The mresence of salute atoms on slow moving grain boundaries
can generate a "salute drag force" which ‘then impedes their
motion and retards recrystallization (56).
- Direct segregation of solute atom’s on dislocations can affect the

N rate of recovery (57),

- Substitutional solute atoms can interact with the interstitial C
and N to create dipales which then interfere with the motion of
dislocations. This__ makes the dislocation rearrangement and .
subgrain formation more difficut and it delays both
nucleation and recrystallization (5).

- Sclute additions can change the alloy's stacking fault energy. A
decrease in the stacking faul energy reduces the possibility of
cross-dlip, which makes recovery more difficult (39).

Together with their retardating influence on recrystallization, the
elements in solution also increase the strength of a material. This salid
salution strengthening is strongly dependent on the mobility of the foreign
atoms, which makes it less effective at elevated temperatures. While in the
case of substitutonal atoms the high temperature strength of austenite
increases with increasing alloy content (58, 59), the effect brought about by
interstitial atoms can be neglected (58-60). '
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2.3.2. Effects of Microalloying Additions as Precipitates Farmers

Below the relevant solution temperatures, microalloying elements
such as Al, Mo, Nb, V and Ti have a sxrong tendency to farm stable carbide
and/ar nitride precipitates. The resulting precipitation is contralled by two
factors: sapersaturation and diffusivity of the precipitate forming elements.
Supersaturation provides the driving force for precipitation and in this case,
determines the free energy of the system. Diffusivity strongly depends on
temperature and whether or not the material is recrystallized. Two of the
most important factors that influence the properties of materials are the
size and the distmbution of precipitates. When particles are large and widely
spaced, they generate local lattice distors;ions during deformation which
create nucleation sites for recrystallization. The resulting increase in local
dislocation density then mromotes the recrystallization process. When the
precipitates are fine and dispersed, they can retard recrystallization by

differept mechanisms:
- They create a.dragging force on-the moving grain boundaries and
thus inhibit grain boundary migration during grain growth (7, 61,
62). )
- They pin the dislocations and hinder their rearrangement into
subgrains a mobile high angle boundaries (63).
= They increase the homogeneity of the dislocation distribution and
thus prevent/the local nucleation of new grains (39, 63).
Precipitation ¢an take place during (dynamic) ar after defcrmation
(static and strain inducgd precipitation). In steels, precipitation can occur in
austenite, ferrite ar duling the austenite to ferrite transformation.
3 ‘
2.3.2.1. Predpitation in Austenite
In austenite, the choice of the reheating temperature has an

' important effect since it determines whether the precipitates are disstlved

or not. Complete dissalution of precipitates is desirable. In this way, the full
potential of precipitation thermomechanical processing becomes available.
However, this is somewhat offset by the fact that high reheating

temperatures can lead to coarse initial austenite’grain sizes. On the cther

—

&



hand, undissalved precipitates, resulting from low soaking temperatures, can
inhibit the grain growth of the initial austenite grains (7, 19) but, they can
also promote recrystallization if sufficiently large. Precipitation in
undeformed austenite is relatively slow and is most likely to occur at grain
boundaries. However, a majr acceleration of precipitation is cawsed by
deformation and the resulting strain induced precipitates, which appear
preferentially on subgraih boundaries developed during straining (64, 65),
retard both the onset and progress of rgacrystallization (20). The extent of
the delay depends on the degree of supersaturation of the precipitating
species, and on temperature, strain and, strain rate (21).

In addition to the effect of deformation, the influence due to the
presence of "quatemnary” elements on xecipitation is of importance. Far
example, Mn, Mo ar V can slow down the onset and progress of precipitation
of Nbin austenite. This is due to the decrease in the activity coefficients of
the precipitating elements associated with the presence of Mn, Mo and V
(66-69).

2.3.2.2. Interphase Precipitation

The microalloying elements in solid salution which do not
precipitaﬁe in austenite can precipitate while the austenite to ferrite
transformation is taking place. In this case, the precipitates form along the
advancing austenite-ferrite phase boundary (22; 70). When the boundary
moves to a new location, the precipitates are left behind in a sheet-like
array. This type of precipitation is enhanced by high solute solubility and
high Ar3. The final microstructure consists of numerous sheets of
frecipitates, where each sheet denotes the location of the interphase
boundary during the course of transformation. The spacing oorrelates with
the codling rate through the transformation. As the codling rate is increased,
the rows become mare closely spaced and the‘;recipitat&s more effective as
dispersion s_trengtbeners (7).




2.3.2.3. Precipifation in Ferrite “

Precipitation also occurs in ferrite, mreferentially on dislocations
and subgrain boundaries (72). Compared with the particles precipitated in
awstenite, the ones formed in ferrite contribute more strongly to the
strengthening due to their finer size. They also prevent the migration of
ferrite bouridaries during coaling, resulting in further grain refinement (71).

Precipitation in austenite versus precipitation during or after
transformation are two competing processes since the particles formed in
austenite reduce the amount of microalloying elements available for
precipitation in ferrite. A coadling schedule which promotes grain refinement,
uses a large proportion of microalloying elements for the control of austenite
grain size. As a result, ferrite precipitation hardening is minimized (73). The
ideal contralled ralling schedule would therefore take into consideration the
required amount of grain refinement and precipitation hardening, and would
occntrol precipitation in arder to obtain the desired product properties.

2.3.3. Effects of Individual Microalloying Elements

Al microalloying elements added to HSLA steels are not equally
effective in ocontrolled ralling. - Aluminum is found to retard the
recrystallization of austenite, in part by the precipitation of AIN (“;14).
Depending on where they form, the AIN precipitates can have different
consequences an the behaviour of the steel. When deposited on the austenite
grain boundaries, the particles can lead to emlxittlement (75-78) ar to a
decrease in hot workability (79-8l). By contrast, when formed as fine
particles on dislocations, they can retard both the nucleation of new grains,
as well as their subsequent growth in a manner somewhat analogous to the
effect of Nb(CN) ar VN. Similar to titanium, aluminum has a favorable
influence on hot ductility (82).” Malybdenum is known to strengthen the
ferrite matrix by solid solution hardening (83, 84) and to delay austenite
recrystallization through a strong solute effect (85, 86). The solute retarding
influence of malybdenun is intermediate be:tween that of niobium, which has
‘the greatest, and of vanadium, which has the smallest effect on an equal
atom fraction basis (57). The presence of molybdenum in austenite
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contributes to a decrease in the carbon and nitrogen activity coefficients
which in turn reduces the driving force for carbonitride precipitation in
austenite. When present dlone in austenite, malybdenum does not precipitate
but with vanadium, titanium and Ebmm, it forms co-recipitates (85, 87,
88). Niohium is considered as highly effective in controlled rolling since it
strongly retards the recrystallization of austenite (40, 66, 89). This is due in
part to its salute effect and also, to its strong tendency to form carbonitride

precipitates in austenite as well as in ferrite (48, 66, 90). The addition of

titanium (up to 0.02%) allows the precipitation of very stable TiN during

solidification (91). These prevent austenite grain coarsening during reheating
up to 1200-1300°C. At higher concentrations, e.g, 0.1 to 0.2%, the
precipitation of TiC takes place at lower temperatures in austenite and
delays recrystallization (92). Precipitation hardening can also bo obtained by
the precipitation of TiC in ferrite. The retarding mﬂumce of vanadium on
rec:rystallization is much weaker than that of mobmm (66). First, its
mﬂuence in soludon is much sma]ler when compared to niobium but also, the
greater solubility of VN in austenite makes this nitride completely sdluble at
common reheating temperatures (48, 93, 94)., Fa these reasons, vanadium
cannoct contribute much to the austenite grain refinement at usual N levels.

Nevertheless, vanadium contributes in a substantial way to fem.te
strengthening and is often added together with niobium. '

2.4 METHODS OF FOLLOWING PRECIPITATION IN-AUSTENITE

A majx deﬁculty in following the behaviour of austenite in HSLA

'steels is due to the instability of that phase at room temperature for many

steel chemistries, Different methods of following the progress of
precipitation in austenite exist today. These are classified as direct or

indirect depending an whether they take place at high ar room temperatures.
)
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2.4.1. Direct Methods

A mechanic«jal method was conceived by Weiss (40, 89, 95) to
determine the PTT curves of two niobium iiSLA steels in the undeformed
(static), predefarméd and deforming (dynamic) states of the material. The
method involves isothermal, constant true strain rate, uniaxial compression
testing. The peak srain (ep) determined from the resulting flow curves is
the parameter used to estahlish the precipitation start (Ps) and finish (Pf)
times. After a soak at the solution temperature, the sample is coaled to the
test temperature and one of three procedures is applied:

1) t can be held for various times and then tested at a given

srain rate. This provides data about ‘static precipitation.

2) The samples may be predefarmed at a selected strain rate to a
pe—determined strain, held for various times and the
deformation resumed, possibly at ancther strain rate. This
method is used to follow precipitation in the predeformed static
case, i.e. strain induced precipitation. . .

3) Finally, samples can be tested without any interruption over a
range of strain rates to study dynamic precipitation.

These procedures are described it full detail in the papers of Weiss
and Jonas (40, 89, 95, 96), Far the purpose of the present investigation,
which is focused on dynamic recrystallization and precipitation, the third
method appears as the most éppropriate. In this case, the Ps and Pf times
are calculated from the peak strain € vs. log strain rate € curves as

p
represented in Fig. 2.3. The precipitation-time~emperature (PTT) curves

“Gbtained by this method are in good agreement with the cnes determined by

cther methods (47). The differences observed are due mostly to variances in
chemical composition ar heat treatment (i.e. initia] austenite grain sizes).
Other mechanical testing methods involve use of oconstant crosshead speed
instead of ,constant true strain rate (94).
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2.4.2. Indirect Methods N

Some of the indirect methods are summarized below:

- The physical property measurement™ methods invalve the
measurement of electrical resistivity, which is sensitive to the structure of
the material and thus, to the presence of precipitates (97); \measurement of
the valume fraction and size distribution of precipitates by x—ray diffraction
(73); measurement of thermoelectric potential and of martensite
transformation temperature MS (98).

- The mechanical property measurement methods invalve
microhardness measurements (41, 99), (Precipitation in the austenité range
reduces the amount of carbonitride available for precipitation in the ferrite,
resulting in a loss of secondary hardening.)

- Quantitative metallography and microscopy can poduce
information concerning the size, valume fraction and shape of fthe individual
precipitates (94, 100).

- Quantitative chemical methods, for example chemical extraction,
can be useful to calculate the amount of precipitates present at the
different stages of aging (101). Faxr instance, Watanabe et al attempted to-
determine the composition and crystalline structure of Nb (CN) with such a
method (84). They had the subsidiary aim of checking for the rresence of
malybdenum in the carbonitrides in a series of Mo-Nb microalloyed steels.

Each of the indirect methods has the disadvantage, however, that it
is not carried out at the temperature at which the information is wanted. By
contrast, the mechanical direct method has two advantages. One is that
testing is in the phase of interest (ie. the austenite phase) and the cther
one is that bulk, rather than local, pxoperties are measured, so that sampling
errors are reduced. When followed by electron 'microscopy, this technique
can provide the most detailed and teliable information enabling the
determination of the PTT curves. It is the approach which has heen selected
for the present study.
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CHAPTER 3

EXPERIMENTAL MATERIALS AND PROCEDURE
3.1 EXPERIMENTAL MATERIALS
With the purpose of investigating the effects of the addition of‘
malybdenum alone and with aluminum on the kinetics of dyna:nif"q
recrystallization and mrecipitation, three microalloyed steels were tested.
These were of a series of nine 0.07% C, 1.25% Mn steels prepared by the

Physical Metallrgy Research Laborataories of the Department of Energy,
\

Mines and Resources, Canada.

The chemical compositions of the reference plain C, Mo, Al (102)
and Al-Mo steels are listed in Table 3.1. The first two steels wére issued
from the‘ same base material while the last ones came from a different stock.
The cother materials (Al-Nb steels) were studied concurrently as a part of
another M. Eng. research (102).

3.1.1. Specimen Preparation

The samples were machined from 13 mm thick plates with the
compression axis aligned along the ralling direction as shown in Fig. 3.1,

The specimens had a diameter and height of 7.9 and 11.8 mm
respectively. These dimensions were based on the lbad capacity and the
cross-head speed range of the testing gear and on previous experience with
the equipment (98, 103-105). To prevent barrelling and enhance uniform
defarmation, the end faces of the samples were concentrically grooved to
retain the glass lubricants used during high temperature compression (103,
109).

The glass lubricants help to minimize friction between the end
faces of the sample and the SiN compression platens. The groove design was
based on previous investigations which showed that best results are obtained
with flat bottomed grooves (96, 103) As showri in Fig. 3.2 the grooves are
wider at their bases than at the ridges between them. This configuration
allows for the gradual release of the stared lubricant as the specimen/platen
interface area increases during the deformation.




PLC
Mo

Al-Mo

ALL

0.072

0.070
0.072

0.070

pP: 0.01

* After Wang (102)

Table 3.1

S:

Mn

1.22
1.25
1.25
1.32

Chemical Composition (wt.%) of the Steels Tested

Mo

0.010
0.215

0.205

Cr: 0.035

[

El

Al

0.015

0.015
0.080

0.075

0.010

0.010
0.006

0.006

0.165

0.155
0.210 *

0.230
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Groove Dimensions (mm)

size| A B C E

1 ]018 015 |036 | 010

2 |015 012 | 030|010

Tolerance Qo2

Figure 3.2 Details of the groove design on the end faces of a
compression sample (after Weiss (96)).
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3.2 EXPERIMENTAL PROCEDURE

3.2.1.~ Heat Treatment

ALl the specimens were heat treated for two hours at 1000°C under
a vacuum atmosphere and then water quenched. The purpose of this heat
treatment was to eliminate any ralling texture present in the as—received
materials which could lead™so non-homogeneous defarmation. Fadllowing this
narmalizing treatment, each sample was austenitized for thirty minutes in
the ‘test chamber immediately befare the deformation.

The choice of the austenitization temperature for each steel was

based on two considerations:
1) To ensure the complete dissalution of the aluminum nitride (AIN).
2) To obtain approximately the same initial austenite gram size in
all of the steels.
Details on the above two requirements follow.

3.2.2. Determination of the Solution Temperatures
In ader to moduce the maximum precipitation in the steels
containing Al, all the AIN precipitates present at room temperature were

. dissolved during a soluton heat treatment. The soluton temperature was

L)

calculated according to the formula given by Darken<(3106):
7400 : 1.95

log (Al) (N) = - T

Here (Al and (N) are the concentrations in weight per cent of Al
and N respectively and T is the absalute temperature.

Using the above equation, the equililxium solution temperature for
the two steels containing Al was estimated to be 1114°C. To ensure
complete dissolution, the minimum austenitization temperature was raised by
at least 40°C abz;ve the calculated one. - The austenitization temperatures

and the resulting austenite grain sizes for the three microalloyed steels and -

the plain C steel are listed in Table 3.2.

/.
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Table 3.2 Austenitization Temperatures and Austenite Grain Sizes for the Steels Tested

-

>
Calculated : Austenitization Coaresponding
Saluton o Tem peraturoe Austenite
Steel Temperature (°C) Selected (7C) Grain Size (gm!
PL C —_— 1060 90
Mo —_ 1060 95
Mo - AL ‘ 1114 1150 ‘ 95

Al (102) 1114 1180 100
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3.2.3. Initial Grain Size Measurement .
- Fallowing thé vacuum annealing heat treatment, a series of samples
from the three steels investigated was austenitized for 30 minutes at
different temperatures after which, each specnm;n was immediately quenched
in ice water. The samples were then cut in two by a 11-1180 Buehler Isomet
low speed diamond saw to prevent overheating of the surfaces. Once
mounted in bakelite MM 112, the specimen surfaces were hand ground using
successively 120, 240, 400 and 600 grit silicon carbide papers and polished
with 6 and 1 pum diamond compounds for the final finish.

Two different etchants were used to reveal the prior austenite
grain boundaries. The first cne was Villela's reageant (107):
5 ml HCI
1 gr. of picric acid (wet)
20 drops of wetting agent (Teepal)
for 100 ml of ethanal (95%). r

The second reagent was a modified version of Villela's salution:

1 gr. of picric acid (web)

20 drops of wetting agent (Teepal
for 100 ml of distilled water. ‘This solution was heated to a temperature
between 50 and 70°C. The grain sizes were determined by the intercept
method (ASTM #E112) using a circular 200 mm length grid. Measurements on
five different pictures covering different areas of the same specimen were
used. The microstructure of the investigated steels excluding the Al steel,
quenched from different soaking temperatures, are shown in Fig. 3.3.

To enahle a comparison of these results and those from the wark of
Bacraix (57), an initjal austenite grain size of 100 pm was selected. The
evalution of the austenite grain size as a function of reheating temperature
is shown in Fig. 3.4.

3.2.4. Comoression Testing Equipment

In ader to determine the dynamic recrystallization and
precipitation kinetics of the steels, high temperature compression tests were
carried out at constant true strain rates ranging from 7.4 x 107 to 7.4 x
10! L. The basic design of the Instron test frame modifie for constant

t
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Figure 3.3a

Fiqure 3.3b
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Undeformed microstructure of the plain C steel at

1060°C after 1800 s.
Magnification: 125x

Undegormed microstructure of the Mo steel at

1075°C after 1800 S.
Magnification: 63x
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Figure 3.3c  Undefarmed microstru
1150° after 1800 s,
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true strain rate deformation, has been described in detail elsewhere (40, 89,
95, 108). The important features of the test system are the loading members
oconsisting of an upper ram assemhly which is connected to the moving
cross-head and a stationary lower anvil attached to the load cell (Fig. 3.5).
The specimen and toals were surrounded by an Inconel muffle which allowed
for testing in either a vacuum of about 1073
atmosphere.

Taxr, o in an argon
¢

SiN inserts were placed‘at the contact surfaces of both the ram and

the anvil. They were held in position by superalloy retaining collars. The
smoothly ground SiN inserts provided flat and hard compression surfaces for
defarmation.

The tests were perfarmed with the aid of a Honeywell 4020 process
control computer. The load meadurements were taken from the load cell and
the djsp]acément measurements from a Linear Variahle Displacement
Transducer (LVDT). The LVDT rod was attached to the moving cross-head
and the il to the Instron frame. These data were stored by the computer

on a scratch file. True stress/true strain plots were cobtained immediately -

after each test, after which the data were transferred on tape for
permanent starage, so that they could be recalled at will at a later date.

The high temperatures required were obtained by means of a Satec
split 3-zone platinum resistance firmace with a capacity of 14.5 amperes per
zone. This furnace was connected to a Leeds and Narthrup Electromax IO
Series 6435 contraller. ‘

A final point of interest is the specimen ejection mechanism, which
allows the user to quench a sample within 4 seconds of completing a test.

Lt
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CHAPTER 4
EXPERIMENTAL RESULTS

The aims of this study were the following:

1) To evaluate the salute strengthening produced by the single and

Jaint addition of Al and Mo to microalloyed steels.

2) To estahlish the PTT (Precipitation-Time-Temperature) curves
far the steels tested inaéertoinv&stigatetheeffectof Mo on
AIN precipitation kinetics.

3) To examine the possihility of substituting Al for some of the
more expensive microalloy additions (such as Mo) made to steels
produced by contralled ralling.

To determine the PTT curves for the microalloyed X

— ocompression tests were conducted at constant e strain rates "/g from

5.6 x 107 to 0.1 s in isothermal conditions \azg, 900 and/925°C. The

_ thermal history preceding compression tests is described in Cha 3.

4.1 EXPERIMENTAL FLOW CURVES

A selection of typical flow curves for the three steels investigated
at 875, 900 and 925°C, is resented in Figs. 4.1 to 4.3. The curves reveal
that the materials yield, work harden to a maximum stress and the flow

stress then decreases due to dynamic recrystallization.  Since

recrystallization is a nucleation and growth process, its progress requires
time. The higher the strain rate, the sharter is the time required to reach a
given gtrain. It follows that higher peak strains are necessary to initiate
recrystallization at higher strain rates. At 900°C,araiseinthestrain rate
from 1.4 x 1079 t0 124 x 107 s results in increasing the peak strain by a

factar of 2.3 for the plain C steel; 1.8 for the Al steel tested by Wang

(102); 2.2 for the Mo steel and 1.8 for the Al-Mo steel. The rank of these
factars in decreasing arder is plain C, Mo, Al and Al-Mo steel, with the
latter two being approximately the same. The meaning of these factars is
briefly discussed in the next chapter.
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Figure 4.2¢ Flow curves for the Mo steel at 925°C over the range
of strain rates investigated.
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‘The flow curves for the four steels are presented in Fig. 4.4 such
that comparison of the influence of the microalloying elements on the peak
stresses and strains can be made easily. Here, the curves for the Al steel
concurrently studied by Wang (102) are inclnded.

Figs. 4.4 (a) and (b) regroups tests that were conducted at 900°C at

st:ramrat&soflllxlolslandssxlo s r&epectlvely

At the relatively high strain rate of 1.4 x 10 %s 1, the deformation
time is too short for precipitation to‘ take place before the onset of dynamic
recrystallization (Fig. 4.4 (a)). In this case, the observed differences in peak
strain can anly be attributed to the presence of the microalloying elements
in salution. The results suggest that, when added to the plain C steel, Al
alone does not retard recrystallization but simply increases the peak stress
(115 to 122 MN/mz). The addition of Mo, however, delays the onset of
recrystallization (the peak strain increases from 0.33 to 0.50) and also raises

the peak stress to 128 MN/mz. The same amount of retardation is found

when both Al and Mo are added but the gain in peak stress is somewhat’

lower than- with the Mo steel (121 MN/mZ). By contrast, when these tests
were performed at the much lower strain-rate of 5.6 x 10 4s -1 (Fig. 4.4 (b)),
enough time should have been available for precipitation to precede dynamic
recrystallization. The observed influences of the microalloying elements on
recrystallization can be explained by their presence as both salutes and
xecipitates.

The flow curves of Fig. 4.4 (b) show a different picture than the
ones of Fig. 4.4 (a) and suggest that the addition of Al to the plain C steel
brings both an increase in peak stress (53 to 62 MN/mz) and in retardation of
dynamic recrystallization (0.17 to 0.24). The addition of Mo resents almast

the same effect as AL Fma]ly, the Jint presence of Al and Mo seems to

boost the peak strength to 68 MN/m and move the peak strain to 0.32.

4.2 STRAIN RATE DEPENDENCE OF PEAK STRAIN
The strain rate dependence of the peak strain is shown in Fig. 4.5
for the plain C, Mo and Al-Mo steels at the three temperatures of interest.
The results for the Al steel tested by Wang (102) are included for
sake of comparison. The peak strain increases smoothly with strain rate for

®y
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the plain C steel and the dependence is qualitatively similar at the three
temperatures. The curves for the microalloyed steels display two impartant
features:

‘ First, there is an overall shift of the curves towards higher values
of ep in comparson with the plain C steel. This indicates that dynamic
recrystallization is delayed by the addition of the migroalloying elemergts and
the overall shift is attributed to the effect of these elements actuiy as
salutes. (The behaviow of the Al steel at 925° is an exception).

Second, in the cases of the Al-Mo steel and mare particularly the
Al steel, a deviation from the trend (slope) of the reference Mo and plain C

respectively is observed at low strain rates (<10 3s l). The curves of
the Al and Al-Mo steels "level off" at somewhat higher strain rates tian the
ones of the plain C and Mo steels.

The\latter observation suggests that an additional ‘contributden in
retarding dynamic recrystallization comes from the microallofring elements
possibly acting as dyramically formed precipitates.

From the cuwrves displayed in Fig. 4.5, the relative effect of
composition in retarding dynamic recryscallization is expressed in increasing
ader as Al, Mo and Al-Mo. It is interesting to note the limited solute effect
of 0.08 wt.® Al on dynamic recrystallization. Its weak delaying contribution
is well demonstrated when added to the plain C steel (Al,steel)’tr to the Mo
steel (Al-Mo steel). Noke here that 0.08 wt.$ Al is the tgtal Al content. The
saluhle Al levels are under study and are expected to be l?s (80%) than that
amount. By contrast, the addition of 0.20 wt.% Mo to the plain C steel
strongly delays the occurence of dynamic regrysta]hzamon. This effect might
result solely from the presence of Mo as solute since almost exclusively no
data have been reported in the literature concerning the precipitation of
Mo(C,N) in high temperature austenite 27). However, the results of a recent
study carried out by L'Ecuyer et al. cn¥a Mo steel revealed the presence of
Mo rich mrecipitates (109). Electron microscopy was performed on unstrained
as well as deformed samples which were immediately quenched from the test
temperature. The precipitation of complex Mo carbides (Mo C y) took phce
around existing nuclei, In this Mo steel, these nuclei where found to be TiN
particles resulting from the presence of residual Ti from the stock used to

L]
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make the steel. The above findings suggest that Mo might not only act as a
salute but also, as a precipitate former in high temperature austenite.

The occurence of precapitation, which is suggested by the devaation
an the curves of both the Al and Al-Mo, is not very clear under present
conditions. At the low strain rate end of the €, vs loc € curves (Fig. 4.5), no
sign of conwergence far both the Al and the Al-Mo steels 1s observed
towards the slope of the reference plain C and Mo steels respectively.
Testing at lower strain rates was not possible due to experimental
difficulties. The idea of convergence is better visualized in the schematic of
Fig. 4.6. Such convergence would indicate the end of precipitate forma.tion
and the growing influence of particle coarsening. The occurence of
recipitation remains to be verified by microscopy.

4.3 STRAIN RATE DEPENDENCE OF PEAK STRESS
The dependence of peak stress on strain rate and composition 1is
shown in Fig. 4.7. The curves indicate a trend for increasing peak stress

with increasing strain rates. These dependences incorpcarate both those of
the yield stress (described later) and those of the amount of wark hardening
accumulated betv.veen yielding and the attainment of the peak.

The yield stress and the peak stress during high temperature
straining are influenced by the alloying elements in solution. However, due to
the relatively long straining times invalved, newly formed precipitates can
affect the work hardening rate. These precipitates can pin the dislocations
and retard recrystallization, leading to higher values of peak stress.

The results obtained at 875 and 925°C reveal that the magnitude of
the peak stress increases with decreasing temperature and follows the
increasing ader of PLC., Al, Mo and Al-Mo steel. A clear distincton is
difficult at 900°C although the microalloyed steels clearly display higher
stresses than the plain C material.
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4.4 HIGH TEMPERATURE STRENGTHENING

4.4.1. Strain Rate Dependence of Yield Stress

Using a 0.2% offset technique, the yield stresses of the four steels
were measured over the range of temperatures and strair rates investigated.
As the plastic strain associated with macroscopic yield is small (first 1 to 3%
of total strain) and rapidly attained, the magnitude of the vyield stress is
unaffected by strain induced precipitation (96). The difference between the
yield stress levels of the various steels can then be attributed solely to the
alloy additions which are present in the form of solutes. The srain rate
dependence of the yield stress is mresented in Fig. 4.8.

Since there is a considerable degree of scatter in the didta of Fig.
4.8, the arder of increasing yield stress is difficult to establish directly from
the curves. To enahle a more precise assessment of the dependence of the
flow stress on composition, the average value of strengthening for each
temperature and strain rate was calculated as described below.

4.4.2. Strengthening Produced by Al and Mo Additions .
The relative solute strengthening Asa was calculated using the
formula: o x _ o-yref
as = —
a o-yref

x 0.1 x 100
at.ix

4

Hexe <'J'yref and Fy* are the yield stresses for the reference steel

and that containing the element X, respectively. The values of the
strengthening parameters A Sa and &8, (the latter narmalized to 0.1 weight
% addition of the elelent x) are presented in Tahle 4.1. The strongest salute
strengthening is produced by the addition ‘of malybdenum (13.1% per g?.&{;@t .
% in the Al-Mo steel), followed by aluminum, (6.5% in the Al-Mo Steel),
-malydbenum (6.0% in the Mo steeD and aluminum (1.3% in the Al steel. On a

- weight $ basis, aluminum brings miare strengthening than molybdenum (13.4%

compared to 7.6%) when added to the Al-Mo steel. It should be noted here
that the Al levels used in the’calculations were based on the total Allevels.
The soluble Al levels are ?c\.urrently being determined. Tt 5\ expected that
these levels are lower. In that event, the effect of Al as a solute would be




Tahle 4.1 High Temperature Strengthening Produced by Al and Mo Additions

$ Strengthening

% Strengthening

Element Per 0.1 at. % Per 0.1 wt. %

* Al (in Al Steel 1.3 2.6
Al (in Al-Mo Steel) 6.5 13.4
Mo (in Mo Steel / 6.0 N - 3.5

* Mo (m Al-Mo Steel) 13.1 7.6

* Based on G. L. Wang's data, Ref. 102.
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greater than indicated in Table 4.1.

4.5 DYNAMIC PTT CURVES

4.5.1 Approach to Determine Dynamic Precipitation

The method used here to detect dynamic precipitation invalves the
presence of a deviation ar "hump" on the ep vs. log € curves displayed in
Section 4.2 (40, 66, 89). The schematic Ep vs. log € curve of Fig. 2.3 is
reproduced as Fig. 4.9 for convenience. The dashed line A represents the
salute case, i.e. the expected behaviour if there was no precipitation. The
paint at which the two curves A and B diverge at the high strain rate end of
the plot defines the "start” of precipitation Ps. This is the srain rate at
which pecipitation starts before the peak strain is reached. The
recipitation start time Ps is calculated from the ratio of the strain to
strain rate as P = eps/és' The curve marked C is parallel to A but shifted
along the vertical axis until it becomes tangent to curve B. The precipitation
finish time P, is determined from the point of maximum divergence (point of
tangency) as Pf = e‘gf /e'f. As the strain rate is Gecreased below € dynamic
mecipitation is completed at smaller and smaller strains and the amount of
[recipitate coarsening taking place during deformation to the pgak stress
increases, thus reducing the peak strain relative to € \\ /,_,L

Due to the considerably long testing times invqlved, data at the
very low strain rate end of the deviations observe? in Fig. 4.5 were nct
obtained. Consequently, only the start of Lxecipira’gion oould be detected. in
these steels.

4,5.2. Precipitation in Austenite

- The P_ curves obtained for the two Al bearing steels are shown in
Fig. 4.10. These curves indicate that the data points appear to be part of
the lower kranch of precipitation "C" curves. It is noticeable that the
presence of Mo brings an earlier start to dynamic precipitation at the two
higher temperatures. The results indicate that, at roughly 910°C, the start
time of precipitation is about 15 s for the Al-Mo steel and 36 s for the Al
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—"étee.l:zompared to the Al-Mo steel, the wider opening of the "C" curve for
the Al steel suggests a lesser dependence of precipitation on temperature for
- the range investigated. The order of P_ is reversed from 900 to 875°C, and
precipitation appears earlier in the Al steel at 875°C. Far each steel, what
is believed to be the nose of the "C" curve is at roughly the same
temperature (910 to 915°C). The ocorresponding times are 15 s for the Al-Mo

steel and 35 s for the Al steel, more than twice as long.
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CHAPTER 5 . J

DISCUSSION

5.1 INFLUENCE OF ALUMINUM AND MOLYBDENUM ON DYNAMIC
RECOVERY AND RECRYSTALLIZATION Y

From the relative peak strain values of the €, Vs log é curves
shown in Section 4.2, it can be seen that the addition of 0.2 wt.% Mo to a
’plain C steel increases the peak strain mare (partacularly at the higher strain
rates as seen in Fig. 4.5) than 0.08 wt.% total AL When the results are
normalized far equal atom fractions (e.g. 0.1 atomic %), the stronger
retarding effect on dyrmamic recrystallization comes from the addition of Mo
as shown in Tahle 5.1. The combined addition of Al and Mo increases the
peak strain relatively close to the sum of the individyal contributions 1.e.

€ + e _ZGPLC$€M—M0_€PLC
p p

except at 900°C.

* Although difficult to observe on the €, Vs log € curves of Fig. 4.5,
the increases in peak strain obtained when raising the strain rate ffom 1.4 x
104 0 1.4 x 10725 show a slight difference among the steels investigated
(Section 4.1). Far both the plain C and Mo steels, the peak strain increases
by a factor of 2.2 while for both steels containing Al it rises by a factar of
1.8. These results suggest that the addition of Al to the plain C steel might
somewhat reduce its strain rate sensitivity.

The delay on dynamic recovery obtained from the alloying additions
is reflected by an *increase in the vield stress. The strengthening effect
brought about by the investigated alloying additions are listed in Tahle 4.1.
On an atomic fraction basis, the amount of retardation on dynamic recovery
exgressed from these values shows that the addition of Mo has a stronger
effect than AL This arder is similar to that of deldying dynamic

recrystallization.
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Effect on Recrystallization Produced by

Element

* Al (in Al Steel
Al (in Al-Mo Steel
Mo (in Mo Steel)

* Mo (in Al-Mo SteeD

f
1

Al and Mo Additions

% Retardation
Per 0.1 at.$%

13.2
7.1
41.1

30.0

* Based on G. L. Wang's data, Ref. 102.

2
Note: The above numbers are based on the total Al level. The soluhle Al

% Retardation
Per 0.1 wt.%

27.4
14.7
24.0

17.5

levels are under study, and are expected to be 80% of the total

amount.
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5.1.1. Effects of Al and Mo 1n Salution

The presence of microalloying elements in salution influences the
hot strength of steels and their effects have already been studied by several
authors (66, 74, 98, 110, 111). The variations in vield stress and peak strain
(two of the parameters used to detect alloying effects) are usually ascribed
to solute segregation, either to dislocations in the case of recovery ar to

grain boundaries in the case of recrystallization (62).

A number of reasons exists as to why some of the microalloying
elements have significant effects on the dynamic r&stor;ﬁon processes whige
some cthers have weaker contributions. As the solute atoms differ in size
and dgidity from the salvent atoms, elastic interactions result between the
microalloying elements and the dislocations, accounting for a component of
salution hardening. Other possibilities of interaction also exist among which
the most important are: the differences in atomic size and in modulus, the
electronic structure differences and clustering. These have adlready been
discussad and reviewed i previous warks (37, 102, 112).

5.1.2. Effects of Al and Mo as Precipitate Formers

In addition to its solute contribution, tne ability of Al to form
[recipitates constitutes a second mechanism capable of raising the hot
strength of steel. The deposition on sub-boundaries ar dislocations of fine
recipitates formed before the attainment of the peak strain can delay the
onset of both dynamic recovery and recrystallization. By lowering the rate
of recovery, the particles also retard the nucleation of recrystallization and
are thus responsible for the higher values of peak strain and peak stress.

Fine particles are obtained following a soaking treatment where
carbonitrides present in the steel dre dissolved. In the case where complete
dissalution is not achieved, less carbonitride farming elements become
available for recipitation. Upon sraining, a reduction in dynamic
precipitation together with the presence of ooarser and less effective
undissolved particles lower the magnitude of retardation of dynamic
recrystallization and therefore the increase in peak strain. When oonsidering
the Al steels, where the N content is 0.006 wt.§, the above explains the
necessity to reheat the material to put all the carbonitrides in solution.

N
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Thereafter, the occurence of precipitation in pre-strained austenite (.e. on
dislocations) generates particles that are fine enough to produce an increase
in flow sgtress (94).

Electron microscopy was not perfarmed on samples tested during
this research but is likely to become the subject of ancther thesis. Although
no information is yet available to describe.the nature, size distribution and ‘
wvalume fraction of possible precipitates, it remains of interest to examine
the € o vs. log € results for both the Al~Mo steel and the Al steel concurrently
studied by Wang (102), from now on referred to as the Al steels, (Fig. 4.5).
When compared to the plain C and. Mo steels, both curves reveal the .
pesence of a deviation and seem to level off towards the low strain rate
end of th\g graph (Section 4.2). These deviations suggest that an additional
retardation effect complements the delay on dynamic recrystallization
brought about by the sclutes. By considering these deviations as precipitation
"humps", they oould reflect the onset of a medipitation for which the
completion dme is probably very long. However, the poorly defined shape of
these humps raises some doubts about the occurence of AIN precipitation.
This may be ascribed to the limited Al in solution available to form the
particles.

A study carried out by Michel et al. (74) on a steel microalloyed

0.084 wt.% Al and 0.016 wt.$ N revealed the presence of a pronounced
hump on the €p vs. log € curves which was attributed to AIN dynamic
mecipitation. The completion of this well defined deviation took place
around a strain rate of 10 25 - at 875°C and 10 3s 1 at 925°C. However, in
the case of the mvestxgabed Al steels, no end is observed in the deviation of
the € vs. log € curves. L .

It is interesting to note that the N level in Michel's steel is mcre

. than twice that of the present Al steels. The carresponding atomic ratio of

AYN for the former material is 2.6 while the latter steels have a ratio of
6.7. This indicates that, upon ' AIN precipitation, the amount of free Al
remaining in solution should be appreciable in the present Al steels.

The N content of both Al steels (0.006 .wt.%) does not permlta

great potential for AJN\grec:\pltauon, especially in situations where alloying
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elements other than Al, with a higher affinity far N, are also present. The
complex Mo precipitates found in the Mo steel tested by Bacraix were
observed to take place almost exclusively around fine nuclei constituted of
TiN (109). The presence of residual Ti (< 50 ppm) in the steel led to the
formation of TiN at high temperatures with a consequent decrease of the
initial amount of N available for the precipitation of AlN.

In the case of Bacroix's Mo steel, the above explains why almost no
precipitation effect was detected on the €, v log & curves, except at 875°C
where a very weak deviation was detected (Fig. 5.1). This deviaton was
mostly attributed to the presence of fine complex Mo mrecipitates (109)
Although the size of TiN particles was sufficiently small (<5 nm), the fact
that they were probably not dynamicaly formed together with their low
valume fraction is why they did not delay dynamic7 recrystallization (109,
113), Furthermaore, the few AIN particles obser\}ed in this steel were found
to be Jolned with cther species such as Ti ar MnS and to be of a size unahle
to affect recrystallization. Some of these mrecipitates were even detected in
undeformed austenite which indicates the presence of undissolved AN

\ “precipitates. This is interesting since the same reheating conditions were

fallowed with the Al steels investigated here. The fact that the Al level is
higher in the latter materials for a same N content as Bacroix's Mo steel
suggests that some undissolved AIN precipitates could be present in the Al
steels of this study. Mare likely is the possible presence of Al axides coming
from residual ;slag particles, The above could have affected the level of
saluble Al available for AIN precipitation. a for solute retardation of
recrystallization.

Considering that the investigated Al steels were prepared by the
same methods and equipment as Bacroix's Mo steel, the possibility of
contamination by elements such as Ti has to be investigated. In the case

- where Ti is present in the Al steels, the deviation observed in the €, Vs loqé
curves could be partly explained by the formation of some complex AIN-Ti o
AIN-MnS particles with TiN precipitates. In the case of the Al-Mo steel, a
definite retardation effect should be lrought about by the formation of fine
complex Mo particles around TiN precipitates. In both Al steels, other
contributions could arise from the presence of undissalved AIN [x?ci.pibata

together with an appreciable amount of Al solute atc;ms. ‘ i
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Figure 5.la Dependence of peak strain on strain rate at 875°C for
the Al-Mo steel and the Mo steel tested by Bacroix.
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It is recognized th;\t AIN is a phase which may have nucleating
problems (114). .Therefare, if aluminum is to be used as a "microalloying
agent” to act as both salute and precipitate former, the presence of N
gettering elements like Ti should be avoided in steel

1]
L]

5.2 INFLU;ENCE OF MOLYBDENUM ON DYNAMIC PRECIPITATION

The dynamic PTT curves for the Al and Al-Mo steels are shown in
Fig. 4.10. Bouth of these steels have a similar base composition but the Al-Mo
material also contains 0.2 wt.$ Mo (see Tahle 3.1). The results of Fig. 4.10
indicate that the addition of Mo to the Al steel slightly reduces the time
required to onset dynamic precipitaﬁon at temperatures above 900°C. The
effect is somewhat different from the observation reparted by a previous
study in which the addition of Mo was found to delay the onset of
carbonitride precipitation (57). This effect was attributed to the probahle
reduction of' the activity coefficients of both C and N cauwsed by the Mo
addition. » v

The physical significance of lowering the activity coefficient of an
element in an alloy is that the material behaves as if there were less of that
particular element present. Far instance, the addition of Mn affects the
activity coefficients of cther alloying elements in this manner. A systematic
study cam.ed out by Koyama et al. demonstrated that Mn Jowers the activity
coefficients of C and N but it increases the cnes of Nb and V in austenite to
a lesser extent (115). The net result is a decrease in the carbide salution
temperature (115). The effect of M\n £n the solution temgéerature of Nb (CN)
was discussed in detail by Akben et al. (66), and is schematically shown in

"Fig. 5.2. It reveals that, for a given temperatute, the higher the

concentration of Mn, the lower is the amount of supersaturation (with regard
to Nb(CN) m‘ecipita;.i.or!) which, in tum, decr;aé\thea driving force for
precipitation.

In the present invesfjiigation, why the addition of Mo to the Al steel
results in reducing the start time for dynamic precipitation is not clear. As
in the case for Mn with Nb ar V, it is possible that the presence of Mo
increases the activity ocoefficient of other precipitating species such as Al
but,oto a much greater degree than it reduces those of C and N. This way,
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it could accelerate the onset of AIN precipitate farmation. Unfortunately, no
thermodynamic evidence concerning such an effect exists in the literature to
confirm ar contradict this hypothesis,

The shift of the P_ curve far the Al-Mo steel towards ’m‘ter times
could also be attributed to the possible presence of complex Mo precipitates,
as observed by L'Ecuyer et al. (109), on a steel similar to the Mo steel of
this study. The presence of such complex precipitates could alter the overall
formation of other precipitates in the steel as to when they appear in time,

Furthermaore, the curvature of the Ps "C" turve for the Al-Mo steel
differs from that of the Al steel (Fig. 4.10). As indicated in Fig. 5.3, these
P, curves have two main components: the part above the "nose" is contralled
by the nucleation of mrecipitates whereas the lower part is contralled by the
diffusion of the particle forming species. Mo is regarded as a slow diffusing
element in Y ~iron (85). I can thus decrease the diffusion rate of the
elements with which it associates. The sharper trend of the Al-Mo steel
precipitation curve towards longer times suggests that Mo decreases the
diffusivity of the mecipitating species.

5,3 EFFECT OF THE PARTIAL SUBSTITUTION OF MOLYBDENUM BY
‘ALUMINUM .
Although malybdenum has™t widely used in high strength low
alloy steels for grain refinement and solution strengthening, its effectiveness
is somewhat shadowed by a relatively high alloying cost when compared to
cther common microalloying elements. On the other hand, less expensive
aluminum has a relatively poar solute effect in retarding recrystallization,
.but when combined with nitrogen as finely dispersed AIN particles, it
effectively delays austenite recrystallization (74). It is therefore of interest
to examine if, by substituting aluminum as a microalloying agent, the amount
of more expensive malybdenum contained in a HSLA steel can be reduced
without substantially accelerating recrystallization.

Ideally, the goal is to maintain in the Al-Mo steel a similar
recrystallization start time (ie. produce about the samg amount of
reérdationofreaystanizaaomasmasteeletparﬁgha Mo content

!
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throughout the strain rate range investigated, accompanied by an additional
localized retardation effect hrought about by the, :rempltap@ of AIN. The
overall contribution in retarding recrystallization could  possibly make the
steel suitahle for controlled ralling schedules.

Far this purpose the results obtained from the investigated Al-Mo
steel are compared to the ones from the Mo steel tested by Bacraix et al.
(68). The latter had a similar base composition, a higher Mo (0.3 wt.%) and a
lower Al content (0.065 wt.%) as compared to the present Al-Mo steel.

Theresult,ofwthe peak strain Gp vs. log strain rate for these two
steels and the reference plain C steel are represented in Fig. 5.1 for the
three temperatures of interest. In all three cases, it can be observed that
for strain rates higher than 1 x 107471, the Mo steel tested by Bacroix
offers a stronger retarding effect on recrystallization than the Al=Mo steel
of the present work. At strain rates below 1 x 1074, the two microalloyed
steels appear to recrystallize at about the same strains. Note the absence of
a precipitation hump in the curves of Bacroix's Mo steel except at 875°¢,
where a slight deviation can be observed. This suggests that no particularly
strong retardation effect can be attributed to precipitation.

" The above comparison indicates that by reducing -the level of Mo
from 0.3 to 0.2 wt.% and raising the level of Al from 0.065-to 0.08 wt.%, a
loss of delaying effect on recrystallization is incurred.

Ncte that the grain sizes are approximately the same (100 um) in
these two materials. Regardless of the temperature, the percentage loss

defined as: .
e HiMo _ Al-Mo
p p
% Less = x 100 % ‘.
. € HiMo
P

raises from 0 at a strain rate of approximately 1057 up to about 308 at
1% (Fig. 5.1). The loss of retardation probahly results from a lower
concentration of effective salutes, i.e. the replacement of some of the
strong solute retardant Mo by the weaker salute contribution of Al (Section
4.2). The larger differences obtained with increasing strain rates might come
from the greater difficulties in the rearrangement of solutes in the matrix.
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Although no appreciable precipitation effect is observed on the
curves of both Mo steels, the deviation an the Al-Mo steel curves, mentioned
earlier in Section 4.2, is well defined besides the curves of Bacraix's Mo
steel (Fig. 5.1).

This deviation, which mainly takes place at strain rates below
107%7}, indicates that an additional retardation becomes effective in the
Al-Mo steel. This extra retardation, pobably resulting from dynamic
frecipitation, reduces the differences in peak strain between the two Mo
steels. However, it is only at strain rates below 10 ‘s © that the Al-Mo steel
begins to show higher peak strains than Bacraix's Mo steel.

In the present oontext invalving Bacraix's Mo steel and the
investigated Al-Mo steel, the substitution of Al to partially replace the Mo
content decreases the retardation effect on recrystallization rand does not
bring any apgreciable dynamic precipitation effect. Far these reasons, the
investigated Al-Mo steel does not appear & a mare suitahle steel for
contralled ralling “applications than a 0.30% Mo steel.
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CHAPTER 6

CONCLUSIONS

The investigation described in this thesis dealt with the influence
of aluminum and malybdenum additions an the kinetics of dynamic
recrystallization and microalloy carbonitride (presumahly (AIN)) precipitation
in HSLA steels. A scries of compression tests were performed in the
temperature range 875-925°C. From the results, precipitation start times,
and the influence of various chemistries on these kinetics were estimated far -~
these materials. The following general conclusions were drawn from this
study: ‘
1) The addition of a high level of Al (0.08wt%, total) ar 0.20% Mo alone
a in combination to a plain C steel, results in retardation of dynamic
recrystallization. The effect is stronger when the dual addition is made.

2) It is believed that some AIN particles remained undissalved, mare likely
the oxides. This has affected the level of soluble Al available for AIN
recipitation ar for solute retardation of recrystallization. It is estimated
that ane third of the total Al (by weight) is unavailable for this reason.

3) The precipitation start curves indicate that the addition of Mo to the
Al geel (Le. in the Al-Mo steel), reduces roughly by cne-half the time
required to onset dynamic precipitation. This may be attributed to Mo
increasing the activity coefficients of the precipitating species.

4) The silute strengthening due to the addition of these two elements is -
roughly 1.3% and 6.5% per 0.1 atomic % addition of Al and ‘Mo respectively.
On a weight $ basis, these numbers are 6 and 13% respectively. __
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5)  Preliminary results of this study indicate that partial substitution of Al
for the strong solute Mo may not be readily achieved. This mayLlargely be
because the steel-making practices do not readily allow for contral of
saluble Al levels.
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