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The mechanical nroperties cf temper rolled (work hardened)
austenitic stainless steel AISI 301 were examined and compared with
those of temper annealed ( partially annealed from a fully cold

worked structure ) material.

At most strength levels, the temper annealed material possessed
superior ductility over that of temper rolled material. The improve-
ment was modest, but possibly commercially significant. This steel
showed extremely rapid strair hardening. This rapid hardening was
primarily due to the formation of strain induced martensite. Temper
annealing produced gross carhtide precipitation, causing loss of
corrosion resistance and obliteration of microstructure. X-ray
diffraction techniques were used extensively to follow structural

changes in both types of materials.

A model describing temper annealing behavior was examined.
The present experimental results did not agree very well with the
model. This disagreement was believed to te a result of the
extremely complex processes encountered, rather than to any

deficiency in the model.
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I INTRODUCTION

Some of the most important semi-finished metal products
in modern industry are derived from sheet or strip. The products
may be fabricated directly from the flat sheet or else the sheet
can be processed further by drawing or spinning in order to
achieve some desired shape required prior to final assembly. By
varying the production parameters such as rolling reduction,
annealing time and temperature, etc., sheet may be produced for
varying product requirements with different mechanical properties,

i.e. tempers from "dead soft' to "extra hard".

There are two basic processing methods used to obtain sheet

with a desired combination of mechanical properties:

) Temper Rolling, also called " rolling to temper", is
the method used almost exclusively at the present
time.

11) Temper Annealing, also called " partial annealing",

is a method rarely used on an industrial scale, at
present, because of difficulties encountered in
controlled annealing. These difficulties will be

discussed below.

A. Temper Rolling

It is well known (1,2,3,4) that cold work increases the yield
point and tensile strength of metals, while at the same time
decreasing their ductility. A wide range of mechanical properties
can be achieved by varying the amount of cold work. A temper rolling
schedule is a carefully regulated series of cold rolling and
annealing steps, the final reduction bringing the metal to both

the desired gauge and temper.



The larger the final reduction, the stronger will be the metal
product. Table E:shows a typical industrial rolling schedule
for the production of #-hard tough pitch copper (15).

B. Temper Annealing

The alternative method of producing sheet to a desired temper
first involves the production of a heavily cold worked product.
This product is then partially recrystallized to the point where the
desired mechanical properties are obtained. The full range of
tempers can be obtained by varying the degree of partial
recrystallization, which in turn, is controlled by the time and

temperature of annealing.

The rate of softening of a metal is influenced by the complete
history of the metal (€6). This history includes variations in
composition, casting technique, the number of intermediate
anneals, etc. Because of the influence of these processing
variables on the recrystallization behavior, closer control of
the starting sheet material is required for temper annealing

than is required for temper rolling.

As can be seen from Table E; a temper rolling schedule has
more Interruptions for intermediate anneals than a comparable
temper annealing schedule. During temper rolling, the final
reduction is less than the full capacity of the rolling mill.
When employing temper annealing, on the other hand, plant

capacity is used more effectively.

Another advantage of a partially annealed product is that a
more economic stock of starting material of standard thickness
can be stored. All the stored material can be of a similar
hard temper, and can be subsequently partially annealed,as

required ,to meet customer orders fer softer tempers.



The temperature sensitivity of partial ammealing is its
chief drawback. Fritz (5) has shown that a temperature variation
of 1.5°C affects the tensile strength of tough pitch copper sheet
by 1,000 psi. Industrially, this fine temperature control would
be difficult to achieve.

C. Comparison of the Mechanical Properties of Temper Annealed

and Temper Rolled Materials.

From previous work in this field (1,2,3,5) it is clear that
partially annealed metals have ' greater ductility and lower
yield strengths than the corresponding temper rolled materials

of the same tensile strengths.

The increased ductility is a distinct advantage in fabrication
processes involving drawing, folding, bending. The degree of
improvement varies, however, from material to material. Sometimes
these irprovements are significant, sometimes temper annealing

brings about only minor benefits.

Some typical mechanical property comparisons are given in
Fig. 1 (p.6), Fig. 2, Fig. 3, and Fig.4.

D. Objective of the Present Research

The objective of this work was to study the temper annealing of
a metastable austenitic stainless steel and, specifically, to
compare the mechanical properties of the material produced by
temper annealing with those of material produced by temper rolling.

Austenitic stainless steels are used extensively in applications
requireing deep drawing or heavy deformation, eg. automobile hub caps,
deep drawn domestic articles such as sinks, utensils and equipmeft

in the dairy and food industries, etc.



In the annealed state, the tensile strength of austenitic
stainless steel varies from 75,000 psi to 120,000 psi and the total
eiongation varies from 457 to 757 (7). The metastable austenitic
stainless steels are unique in that very high tensile strengths,
up to 300,000 psi can be achieved by cold working, with a
corresponding reduction in the total elongation to about 3Z.

It was hoped that by using temper annealing techniques, a
substantial part of the very high strength of the cold worked steel
could be maintained, while, at the same time, achieving a substantial
increase in ductility, beyond the 37 level. High strength austenitic
stainless steel could thus be made more workable and deep drawing

would not be confined to fully annealed material.



COMPARISON OF PRODUCTION SCHEDULE FOR 1/4 HARD MATERTAL BY

(a)
(b)

TABLE I

TEMPER ROLLING

TEMPER ANNEALING

Starting Material - Hot Rolled Slab -~ 0.420 in. Thick

(a) Temper Rolling Steps

1.

Cold Roll to
Anneal
Cold Roll to
Anneal
Cold Roll to
Anneal

Cold Roll to

0.128 in.

0.088 in.

0.045 in.

0.040 in,

(b)

Temper Annealing Steps

1.

Cold Roll to
Anneal
Cold Roll to

Temper Anneal

0.160 in.

0.040 in.
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11 THEORETICAL BACKGROUND

Theories of work hardening and annealing have been described
clearly in previous work reported from McGill University (1,2,3 ).
For this reason, as well as the fact that adequate summaries are
readily available in may text books, ( 8,9,10 ) , only a resumé of
these topics will be included in the present thesis.

A. Theory of Work Hardening

Grain distortion produced by plastic deformation at a temperature
lower than about half the melting temperature, (measured on the
absolute scale), may be termed cold work(5 p.175). Increased cold
work causes the metal to become stronger and harder, a process

called strain hardening.

The various strain hardening theories have been reviewed by
Weidersich (11). Recent work has supported the following ideas
about strain hardening. In unstrained material the dislocation
density is comparatively low, about 10 dislocation lines per
gsquare cm. in ferrite. An applied stress causes the dislocation
lines to move and interact with each other, thus increasing the
resistance to deformation. Higher and higher stresses are there-
fore required to bring about further dislocation movement. As
dislocations become locked, new dislocations are generated by
the applied stress to permit further plastic flow In the material.

The number of lattice vacancies is also increased.

As moving dislocations becore-tangled, they begin to form a
cellular structure of about a 3 micron cell size. The cell walls
are dense networks of dislocations, surrounding areas of lower
dislocation density. In ferrite, for example, after about 102
strain, the cell size decreases to one micron and then remains
approximately constant, further strain only increasing the

dislocation density in the cell walls.
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The perfection of this cellular structure decreases with increased
solute (or impurity) content. Lattice misorientation between cells
is about 2°. This misorientation is additive and thug, lattice

misorientations of up to 20° can occur within any one grain.

As dislocations represent regions of lattice strain, increased
dislocation density indicates a higher strain energy in the metal.
This strain energy is approximately proportional to the square
root of the dislocation density (12). Thus, in ferrite, where
cold work increases the dislocation density from 107 to 1012
dislocation lines per square cm. (3), a substantial increase in
the strain energy is induced and consequently an increase in hardness

and strength is also achieved.

B. Theory of Annealing

When a metal is annealed, radical changes take place in the
structure of the metal. The driving force for these changes,
which will be discussed below, is the strain energy of the cold
worked material. The three steps normally encountered during
annealing are:

(1) Recovery (2) Recrystallization . (3) Grain Growth

(1) Recovery: The physical and mechanical properties of cold

worked materials tend to return towards their original values
before new strain free grains are formed. This phenomenon is termed
recovery. The three stages of recovery occurring in 37 silicon-
iron-crystals are discussed by Hu (13). These basic stages should
exist, in modified form, in other metal crystals and probably in

commercial steels.

a) 150°C to 190°C Range Vacancies are annealed out.

Crystal density recovers but X-ray diffraction lines do not sharpen.

b) 200°¢ - 500°C Range Rearrangement and annihilation of dislocations

occurs. X-ray lines sharpen and hardness begins to decrease.
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¢) 500°Cc - 660°C Range Well defined subgrains form. The recovery

of mechanical properties is nearly complete.

After the third stage of recovery, the dislocation network is
well defined. The cells are nearly dislocation free and are now
termed subgrains. It is the initial growth of these subgrains
to a critical nucleus size that constitutes the incubation period

of recrystallization.

The rate of recovery is temperature dependant and also dependent
on the amount of cold work. Higher temperatures produce greater
dislocation mobility. Increased cold work provides greater free
energy for transformation as well as more vacancies which , in turn,
facilitate dislocation climb and therefore, dislocation mobility.

The third stage of recovery and the start of recrystallization
may overlap, there being no distinct line of separation between the

two processes (14). This is illustrated in Fig. 5.

(2) Recrystallization

Primary recrystallization is defined as the nucleation and
growth of new strain free grains and the gradual consumption of
the cold worked matrix (3 p.23). Recrystallization is a growth
controlled process, the subgrains growing until high angle bound~
aries are formed between them and the cold worked matrix (15).
This 18 i1llustrated in Fig. 6.

Nucleation of a strain free grain may be occur at:
a) The interior of the deformed grain
b) At a high angle boundary
c) At inclusions or a second phase material.

Inclusions are preferred sites for nucleation. They also hinder
grain boundary movement. The general result of inclusion is,

therefore, a fine grain size.
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The newly nucleated strain free grains grow by outward

migration of their high angle boundaries, until all the cold
worked structure is consumed. The kinetics of this growth has been

discussed in detail by Burke and Turnbull (16).

For heavily cold reduced metals, recovery and recrystallization

are believed to occur simultaneously.

(3) Grain Growth: This phenomenon is defined as the increase

in average grain size upon further annealing, after the cold
worked structure has already been consumed by recrystallization
of strain free grains. When recrystallization is complete, the
retained energy of deformation is already spent, but the grain
structure is not yet stable. The material still contains many
high energy grain boundaries. When average grain size increases,
the grain boundary area decreases, and consequently, the total
energy of the system also decreases. Certain grains grow in size
at the expense of other grains, which eventually disappear. The
ultimate effect, theoretically, could be the production of omne
single large grain. Grain growth is a function of time and
temperature and not of cold work (9p.199).

Grain growth may be restricted by a finely dispersed second
phase, eg. carbides, non-metallic inclusions, or possibly by
preferred orientation of the initial set of grains @ p.434).
These restrictive influences are overcome at high temperatures.
There may exist a critical temperature. Significant rate of
growth is only possible above this temperature. The rate of this

growth is very temperature dependent.



RECOVERY
RECRYSTALIZATION

RATE OF STORED ENERGY
EVOLUTION

ANNEALING TIME —

Fig. 5. Schematic illustration of the overlapping of
recovery and recrystallization on the rate of
stored energy evolution versus annealing time (3)
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COALESCENCE OF SUBGRAINS A AND B,
TION. AND C AND D.

(d)
FURTHER COALESCENCE OF SUBGRAINS FORMATION OF A NUCLEUS WITH HIGH
B AND C. ANGLE BOUNDARIES.

Fig. 6 (13)

Schematic representation for the formation of a recrystallized
grain by the coalescence of subgrains
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C. Theory of the Martensitic Transformation

15

In the temper annealing of pure metals or simple solid solutions,

and also in relatively simple structures such as low carbon steel,
temper annealing involves only partial recrystallization of a

cold worked matrix, i.e., cold worked ferrite, for example,
gradually transforms to recrystallized ferrite (17). 1In austenitic
stainless steel, however, both the cold working process and the
subsequent annealing process bring about more complicated changes
in the material. 1In particular, cold working partly transforms
the metastable austenite tc martensite; 1in subsequent annealing,
this martensite is tempered and there is also a partial trans-
formation back to austenite. The effects of this wartensitic
transformation process are superimposed on the recrystallization
process. The martensitic transformation is discussed in more

detail in the following paragraphs.

The two main criteria for what is termed the Martensitic phase

transformation are the following: ( 18 p.228, 19)

1) There is no change in composition during the phase change.
The atomic readjustment is not more than about one atomic
spacing, and hence it is often referred to as Diffusionless

or Allotropic Transformation.

2) The transformation is accompanied by a change in shape
corresponding, macroscopically, to a homogeneous
deformation. The positions of the atoms in the
martensitic product are crystallographically related to
the atoms in the parent phase (austenite). The habit or
interface plane, between the austenitic and martensitic
phases’ is an undistorted plane, which remains unrotated,

even though there 1s a shape deformation.

This phase change has also been called ( Military Transformation"

(20). It occurs in an organized, disciplined manner. This in
contrast to nucleation processes where the product phase is only

randomly oriented to the parent matrix.
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The driving force causing the martensitic transformation is the
difference in free energy between the parent and the product phases,
(21 p.201, 9 p.418). A temperature exists where both phises can
coexist at equilibrium, referred to as (M). If the high temperature
phase continues to exist below this temperature, it is considered to be
thermodynamically unstable. As the temperature is progressively
lowered, the energy difference between the parent and product
rhases becomes sufficiently large to induce transformation. The
temperature at which this transformation occurs is termed the Ms

temperature.

The phase change from austenite to martensite occurs by an
almost instantaneous shear mechanism parallel to the habit plane.
The distortion that causes the change of shape to produce a
martensite plate is a homogeneous strain, i.e., every point in the
transforming region moves in the same direction and moves by an
amount proportional to its distance from the habit plane (22 p.522),.
The strain causing the shape change 1s thus also an invariant
plane strain, i.e. the habit plane,as well as all planes parallel to
it ,are unrotated by the strain and remain undistorted, except for
a very small dilation or contraction perpendicular to the habit
plane (22 p.522). This change of shape can often be observed as
tilts on the surface of a specimen (23 p.154).

The original model explaining the martensitic shape change in
steel was proposed by Bain in 1924 (24). The plane strain converts the
structure of the parent to that of the product nhase. This
mechanism is illustrated in Fig.7 . This figure illustrates two
adjacent face centred cubic (FCC) structures. This atomic arrange-
ment can also be thought of as a body-centred tetragonal (BCT)
structure (dotted lines). If the long vertical axis is contracted
and the other two axes are allowed to extend, a body-centred cubic
(BCC) structure results.

The octahedral spaces are the largest openings in both these
lattice structures (22 p.236), i.e. a space surrounded by six atoms
in contact, forming an eight sided crystal structure ( Fig:8).
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In steel, these largest indices are, in fact, the only ones that
can be occupied by carbon atoms ( 22 p.237). Due to lattice distortion
produced by the interstitial carbon atoms, not all the octahedral
positions can be filled. In the FCC austenite iron phase, saturation
is reached with 27 by weight of carbon, while in the BCC ferrite
phase, the carbon solubility limit is 0.0257 by weight at the
eutectoid temperature ( 22 p.512).

It can be seen in Fig. 7 that only positions "X' in the crystal
lattice are octahedral index positions for both the BCC and FCC
structures. The other index positions, eg. "A", only have octahedral

symmetry in the FCC phase.

If, during the phase transformation from the FCC to BCC structure,
carbon atoms are located at the positions "X", and there is not
enough time to permit carbon diffusion, the carbon atoms maintain
the elongation of the vertical axis (C axis). The resulting strained
BCT structure is ferrous martensite. This BCT martensite is even

formed in steels with less than 0.05% carbon ( 22 p.514).

The change in shape alone cannot account for the change of crystal
structure. The Bain distortion leaves no undistorted planes and
therefore the condition of invari2nt plane strain along the habit
plane is not satisfied. A second " invisible" strain is required
to generate the final crystal structure. It is termed a lattice-

invariant strain, as the unit cell structure, resulting from the

previously mentioned shape strain, i1s not altered. The lattice
invariant strain consists of slip on fairly regularly spaCed slip
planes or of simple homogeneous twinning shear, as illustrated in

Fig. 9. To minimize the lattice distortion at the interface, the twins
or slip bands are usually finely spaced (19).

The modern phenomenological theories of martensite formation
were first proposed by Bowles and Mackenzie and by Wechsler,
Lieberman, and Read from 1952 to 1954 (25,26). According to these
theories, the martensitic transformation can be completely described

in terms of three basic steps ( 9 p.424).
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A) A Bain Distortion: The unit cell structure of the product
phase is formed by the shape change.

B) A Secondary Shear Deformation: A lattice invariant strain,
which along with (A), produces an undistorted habit plane.

C) A Rotation of the Product Lattice: A "rotation" is usually
required to bring both the undistorted lattice of the parent
phase to the same orientation in space as the product phase

produced by the shape change (A) and secondary shear (B).

These three steps are illustrated in Fig. 10.

The final martensitic structure, as observed under the micro-
scope, 1s the net effect of the above three distortions. The theories
are phenomenological, i.e. they are concerned with the initial and
final states and do not specify the route taken by the atoms in

achieving the transformation.

Several conflicting theories have been postulated concerning
the mechanism of martensite nucleation (18,21 p.209, 27). One
point that has been established conclusively, however, is that
muclei cannot form by random fluctuations in a defect free region,
i.e. this nucleation does not follow classical nucleation theory.
Martensite appears to be nucleated heterogeneously, the nuclei
forming at internal positions of high strain termed strain embryos.
There are two conflicting theories concerning the temperature at

which strain embryos are formed: (27)

a) The embryos form at a relatively high temperature but
only become activated by cooling through the Ms temperature.
b) The martensite embryos are formed and nucleated at the Ms
temperature, at a suitable dislocation configuration or
internal stress field.
Neither postulate has been confirmed conclusively.

The majority of martensite is formed athermally. The nucledi
are formed without thermal activation as can be seen by the fact that
martensite can be formed at 4°K ( 9 p.436). Martensite begins to

nucleate at the Mg temperature.
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Each plate grows to its final size with great speed, i.e. in the
order of one third the velocity of sound in the material (9). The
temperature must be progressively lowered to nucleate more martensite.
The rate of growth of individual martensite plate is independent of

temperature (9).

Isothermal martensitic transformation is only encountered to
a minor extent. The growth of isothermal martensite is characterized
by progressive nucleation, each new nucleus growing to its final size
just as quickly as athermal martensite (9 ,23 p.147). In isothermal

martensite, thermal activation contributes only to martensite nucleation.

Two distinctly different types of martensitic transformation
will be described briefly ( 9,p.422-435).

1) Transformation involving small atomic displacement: eg. the

FCC to FCT transformation of In-T1.

As the temperature is continually cooled below the Ms
temperature, the interface moves along by jerks in an orderly
manner, Complete transformation is achieved in a small
temperature interval ( between 65°C and 72°C), and is

reversible with little temperatur@ hysteresis, Fig. 1l1l.

2) Transformation involving large atomic displacements: eg. the

FCC to BCC transformation of Fe-Ni alloys.

During cooling, small lens shaped martensite is first formed
just below the Ms temperature. At a lower critical tempera-
ture an audible burst produces much more martensite, whose
plates are considerably thicker than those which were formed
initially. The typical martensite products are lens shaped
or acicular, these shapes being due to the constraints of

the matrix. The lens shape is actually produced by parallel
sections of habit plane, where the interface is interupted

by steps. The limiting size of the plates is associated with
the magnitude of the strains set up between the martensite

plate and the surrounding matrix.
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The plastic flow, produced in the surrounding matrix by
the strain, causes losgs of atom to atom coherency, so
that, as coherency is lost, growth stops. This type of

martensite is also typical of Fe-C and steel martensite.

One important aspect of martensite formation is that plastic
deformation, per se, may energise the transformation of the parent
matrix to martensite (921,23 p.25). Plastic deformation increases
the internal strain and makes nucleation easier. The highest tempera-
ture where martensite can be formed by applied deformation is termed
Md, which is higher than the previously mentioned Ms. The reverse
process of recrystallizimg deformed martensite to austenite occurs
at a temperature Ad, lower than the normal recrystallization tempera-
ture As. This will be clear from the illustration in Fig. 12. The
role of plastic deformation on martensite formation will be discussed
in more detail in Section 111.

It is important to realize that martensite need not be hard or
strong as it is commonly is in steel. In a material undergoing a
martensitic reactions, strength is increased by the following factors:
(19 p.205).

1) The ultrafine product phase due to internal twins.

2) Significant increase in dislocation density of both the
parent and product phases due to work hardening.

3) Refinement of the parent grain size due to the smaller
grained product phase.

4) A solid solution hardening increment.

5) A order hardening increment of the product phase.

In the ferrous martensite, the greatest contribution to strength
is offered by the interstitial solid solution bhardening of carbon
retained in solution during the phase change ( Fig. 13). The strengthening
contribution of the finely twinned product phase alone appears to be
ninimal. (28). As carbon content is increased, and the lattice strain

increases, the strengthening effect of the fine structure becomes more
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significant. The increased carbon content also changes the
morphology of the ferrous martensite, the number of twin

increasing with increasing carbon content (19).

The hardness and strength of ferrous martensite can be
greatly increased by aging at low temperatures (100°C to 300°C),
Fig. 14. A clear theoretical picture, explaining this phenomenon
is not available. Possible reasons for this effect are the following

: (27)

1) The migration of interstitial carbon atoms during aging
produces locking of dislocations.
2) Positive resistance to the movement of dislocations is

produced in the form of precipitated carbides.

It is well known that ferritic martensite is extremely
brittle and of little commercial value ®). The transformation
of austenite to martensite involves expansion, which produces
internal stress in the material. Martensitic steels are almost
always subjected to a heat treatment process called tempering, i.e.
the steel is heated to a value below the eutectoid temperature, held
there for a specific time and then cooled (9 p.506). During
tempering, the martensite loses some of its carbon and the unit cell
of martensite becomes less tet® gonal. Epsilon carbi&es ( ) are formed
and are originally crystallographically coherent with the martensite
matrix. At this stage, the strength of the material may be increased
(18 p.255). Further tempering produces a number of other structural
changes; some of the retained austenite converts to ferrite or
bainite and carbides separate out of solution, forming non-coherent

carbides. Softening occurs at this stage and elongation is increased.
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produced by interstitial carbon atoms
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D. A Model for Predicting Temper Rolling and Temper Amnealing Behavior

Since the most important aspect of this study was to compare
the mechanical properties of temper rolled and temper annealed material,
a theoretical analysis of properties of partly recrystallized material
vis-a-vis the properties of cold worked material is desirable in
trying to analyse experimental data. A model describing the relation-
ship between mechanical properties and the degree of recrystallization
of a metal has been presented by S.Adams (17). The analysis is
perhaps more accurately described as & theoreticai investigation of
two-constituent structures, each constituent having different mechanical
properties. Adams' treatment is summarized below; the detailed

treatment is reproduced in Appendix A.

An attempt was made to estimate the mechanical properties of
sheet at various stages of temper rolling and at various stages of
temper annealing, using only the readily available data of the
annealed and fully hardened states. In order to compare a wide
variety of materials, the tensile strength and elongation parameters

were expressed in normalized form as follows:

1) Fs - S -So S = Tensile strength of material
St-So being tested.

So=Tensile strength of material

in its annealed state.

St= Tensile strength of material
in its fully hardened state.
2) Fe — () - (fIT (éu) = Max. Uniform Elongation of
(€Do-(€u)T material being tested.

(eu.)o = Max.Uniform Elongation of

material in its annealed state.

(€u)T=Max. Uniform Elongation of
material in its fully bardened state.
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Fg = Normalized Tensile Strength

Fe = Normalized Elongaiion

When the parameters are expressed in the normalized form, and
if total elongation is a linear function of uniform elongation,
total elongation readings may be substituted for the uniform

elongation, without loss of accuracy.

In predicting temper rolling behavior, it was supposed that cold
rolling prior to testing was equivalent to reducing available uniform
strain prior to necking by a strain which was a direct function of
rolling reduction. This equivalent rolling strain must, however,
be determined experimentally. The true stress at the tensile stress,
Su, is always constant, and thus the tensile stress S, is only a

function of maximum uniform strain, (f«), if.e. 3)

s= &
@1+ €u)

When a material is cold worked to the stage where the uniform
elongation approaches zero,€w*0, the tensile strength is denoted
by S* and S* = du . 1In the normalized form, the same stage

Fs*, is reached when:

4) Psk = (éDo X So

st-So

S5) Fe = 0

Up to Fs*, the normalized tensile strength is described by the
following equation:
6) Fg = Fs* X 1l - Fe

1- (éu)o Fe

The effect of temper rolling on the tensile strength is

illustrated in Fig. 10.
It can be seen from equation (4) that Ps* is reduced if

a) St is large, 1.e. total reduction is great



b) so/St is small, i.e. strain hardening is rapid

¢) (fu)o is small, i.e. annealed uniform elongation is small.
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Rapid strain hardening, ( low So/ St value) in metals corresponds

to a large value of ((.)o. When a metal has a low value of ({.)o,
the only way to obtain small values of SO/ St is by a large amount
of cold work, past S*, making St as large as possible. Large cold

reductions may, however, be impracticable.

In real systems, the uniform elongation never drops to zero,
even after a large amount of cold work. This is probably due to a

softening effect, like recovery, occurring during processing.

The discussion of the behavior of temper annealed materials
is analogous to a study of a duplex structure. The problem is to
relate the average stress, g ,» to stresses in the separate components
as a function of the applied strain and the relative amounts of the
components. The following assumptions were made in Adams' analysis:

1) Individual regions have the same properties as the bulk
materials: if o« is the soft and A the hard component,

7 3.‘= ki (ks + (Exc*bI™)

8) Ss=k (ke + (EgrcEr+b)”)

Where & = true stress
& = natural strain

b ks ke n = constants of the system

2). Areal and linear functions of the components remain unchanged
during deformation. Further, it is assumed there is no preferred

orientation. On any cross-section, the average stress is given by:

@0 &= Ve + (1-V) 50

where V = volume fraction of the annealed material
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@ 3). A small increment in the overall strain is related to the

increments in the average strain in o<and # by;

4). The relationship between -E..c and zp was assumed to be one of
the following:

a) Equi-Stress in the components; i.e. strain only occurs in
the soft component until it work hardens sufficiently to reach
the same strength as the hardened component.

b) Equi-Strain in the components; i.e. differences in hardness
between the two components are ignored.

¢) Equi-Work in the components; i.e. the work per unit volume

is constant;

(11) dEx*8u = dEgxdp

Hsing these assumptions and assuming a knowledge of the tensile
strength and total elongation of the annealed and fully hardened
material, temper annealing curves were calculated. The equi-stress
relationship had to be rejected because the results were
obviously erroneous, but the other relationships ( using 4b or 4¢)

gave very similar results.

When expressed in normalized form, widely differing reductions
and annealed elongations gave about the same temper annealing

results, ( Fig. 16¢).

The curvature of the temper annealing curve, however, did
become more prominent if:

a) The metal had a high rate of strain hardening.

b) The metal had a high elongation in the annealed state.

¢) Greater cold work had been performed, especially if the

annealed elongation-.was large.
All these effects were only minor when compared to the effect

of the same variables on the properties of temper rolled material.
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In fact, an empirical average curve of available data would be a

reasonably good approximation to any unknown temper annealing curve.

The improvement in elongation achieved by temper annealing
is grcatest if the Fe of the temper annealing and temper rolling
curves differ greatly for a given Fs, as illustrated in Fig. 17,
The main contributions to this improvement would be:

a) A small amount of elongation in the annealed state

b) A large amount of prior deformation.

When elongation in the annealed state is large, cold worked
material is still very ductile , at even high reductions, but the
very high reductions required to produce useful temper annealing

properties may be impossible to achieve.

On the other hand, if the annealed elongation is low,
although a considerable relative increase in ductility is possible
by temper annealing, the absolute value may not be large or
significant, eg. a 2% elongation is four times a %% elongation, but
the 27 is probably not significant or useful.

In the metals, the effect of a low so/St ratio, i.e. rapid
strain hardening, on ductility improvement by temper annealing is
usually less significant than the effect of low (fu)o. In fact, it
can be a2 hindrancewhen attempting to achieve high cold reductions.
The relative effect of these parameters, ( So/St, St, ({,)0), on
mechanical properties will be discussed in a later section ( V-H).

Adams' analysis forecasts that the most impressive improvements
should be found in materials with annealed elongations in the
range of 15-257%, especially if cold reduction can be continued
successfully to high strength values. Possible materials falling
in this catagorywould be certain aluminum alloys and perhaps

ferritic stainless steel.



Results can be expressed in either the normalized form,as in
Fig. 1¥ or in the more standard stress-elongation curve form as
seen iw Fig. 18. The conversion of readings is obtained through
the following equations:
(12) S = Fs( St-So) + So
) € = Fe((fu)o - (€) t)  (fe

Adams' analysis is borne out by the limited amount of data
available on partially annealed and partially cold reduced material.
His techniques could be used in predicting which metals may be use-
fully temper annealed. This theoretical analysis was being devel-
oped at the same time as the present experiments were being
conducted on the temper annealing of stainless steel. As will be
shown in Section V1-H, some of the findings of the present research
contributed to the development of this model, although the data
was difficult to interpret.
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111 METALLURGY OF STAINLESS STEEL

A. Clagssification of Stainless Steel

Stainless steels form a versatile series of alloys composed of
iron, chromium, nickel and carbon. The effect of chromium on the
corrosion resistance of iron was first recongized by Brearly in
1912 (29 p.3). Chromium-nickel steels were developed about the
gsame time by Maurer and Strauss (29 p.3) to give the steels more
workability and an improved corrosion resistance to certain low
oxidizing acids such as HEl & H,S0, (30p.380). For convenience,
stainless steels are divided into five classes, involving three

distinct crystallographic structures (31 p.3).

1) Ferrite stainless steel ( BCC Structure)

2) Martensitic Stainless Steel (BCT Structure)

3) Austenitic Stainless Steel (FCC Structure)

4) Manganese Substituted Austenitic Stainless Steel.
5) Precipitation Hardening Stainless Steel.

The latter two classes of steel may be considered merely
variations of the first three, which are characterized by three
distinct crystallographic structures. They have, however, many
unique properties to justify their separate classification, eg.
precipitation hardened steels have better creep properties; both
have good high temperature properties. The last two classes will
be excluded from further discussion as they are not directly

related to the present research,

B. The Chemistry of Stainless Steel

Before proceeding to a more detailed examination of the
properties of stainless steels, it is useful to have an under-
standing of the different phase transformation possible in
Fe-Cr alloys.
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The essential solute element in all stainless steels is
chromium. It imparts excellent corrosion resistance to iron
against a variety of atmospheres as well as to most acids except
HC1 and HZSOA (30 p.38). The minimum amount of chromium required
to confer this protection depends greatly on the corroding agent.
According to AISI standards (32), a minimum of 47 by weight Cr

" gtainless".

is required to classify a steel as
The basic phase diagram to consider, therefore, is the Fe-

Cr system (Fig.19) (4). . When this diagram is compared to the Fe-C

diagram ( Fig.20) (4, 1t can be seen that increased Cr promotes the

formation of a gamma loopgd.e. a closed austenitic region. As the

amount of Cr is increased, the A4 critical line is lowered, while

A
3
these two lines meet, thus closing the loop. The austenite or

gamma phase cannot exist beyond the closed loop, even at elevated

temperatures. The high Cr phase has the BCC structure of alpha

critical line is first lowered, then raised. At about 12.57 Cr,

iron, is magnetic at room temperature and thus is termed alpha

( or delta) ferrite. Ferritic stainless steel has this BCC structure.
These steels are difficult to fabricate and are generally limited

in their applications to simple shapes, requiring a minimum of

fabrication, eg. automobile trim.

As in the heat treatment of ordinary carbon steels, Fe-Cr
alloys up to 12.57Cr can be heated into the austenite region,
and then quenched into the ferrite region, thus producing the
hard, distorted phase, martensite. 1In the ¥e~-Cr alloys, the
cooling rate need not be severe, as in most cases the metastable

martensite phase can be produced by air cooling.

With only 12.5% Cr, however, the steel would only just be
passive to most atmospheres. The addition of 0.2Z carbon to this
alloy can expand the gamma loop, as shown by the dashed line in
Fig. 19( 29,30,31,32).



It is really the expansion of this loop by carbon addition that
enables the manufacture of marte-sitic stainless steel.Most of
these steels are thus in the 10Z-187 Cr range ( 29, 32). An
example of the use of this type of steel is in the stainless

steel cutlery.

The effect of nickel, as opposed to chromium, is to open
up the stable region of austenite. The Fe-Ni phase diagram is
shown in Fig. 21 ( 32p. 1111). As Cr is added to a Fe-Ni solution,
in order to produce corrosion resistence, the region of stable

ferrite is increased as illustrated in Fig. 22,

These diagrams would imply that even at high Ni contents,
the austenite would still transform to ferrite as the alloy is
cooled to room temperature. This transformation is, however, so
sluggish that the austenite can be retained at room temperature
or at even cryogenic temperatures. The retained austenite is,

in fact, a metastable phase (31 p.27).

An additional aspect shown in these diagrams is that, at
18 Cr, a common stainless steel analysis, a minimum Ni content is
required to produce any austenite at all, i.e. d&bout 6.57 Ni.
Further Ni additions serve to increase the stability of the austenite
(32 p.79). The Ni and Cr analysis may be varied or other elements
may be added to the steel in order to obtain almost any desired
mechanical or corrosion resistant properties. A series of austenitic
stainless steels is thus derived, based on the standard composition of
187 Cr and 8% Ni ( the well-known 18/8 series).

The addition of carbon adds a further complication to this
system. Austenite can hold about 2% carbon in solution, while ferrite
can only hold about 0.1% carbon. The effect of carbon additions to a
typical 18/8 stainless steel is illustrated in Fig. 23 (32 p.1123).
Below about 1000°C, mixed carbides can precipitate from solution as
stable phases.
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Prolonged heating below this temperature and above about 700°C,
which permits sufficient atomic mobility, will result in the
precipitation of metal carbides. In austenitic stainless steel,
these precipitates are usually chromium rich carbides of the
composition ( Cr, Ml, Mz) 23C6(34,35). This results in a
depletion of the solid solution of chromium in the area adjacent
to the carbides causing a loss of corrosion reststance in this area.
This depletion is most readily encountered at grain boundaries as
they are the preferred sites for precipitate nucleation (9.
This type of loss of corrosion resistance is termed sensitization
and it poses a very critical problem when heat treating or
welding austenitic stainless steels. It must be kept in mind
that any commercially useful heat treatment must still avoid

sensitization.

The problems of sensitization can be minimized either by
producing a low carbon stainless steel or by adding other elements
such as titanium or columbium, which will combine with the
excess carbon more readily than chromium, forming their own stable
carbides, the full corrosion resistance offered by solid solution
chromium being thus retained ( 29,31,32).

In further discussion of Fe-Cr-Ni-C alloys and their
structures it is useful to consider the diagram in Fig. 24 (29).
This shows the phases in an Fe-Cr-Ni alloy, containing 0.17C
(a typical carbon content in austenitic stainless steel), after
rapid cooling from a temperature of maximum austenite formation.
The point R denotes the analysis of a typical 18/8 stainless steel.
It will be noted that this analysis has the minimum Ni content that
can maintain the austenitic structure and still have sufficient Cr

available for corrosion resistance.

Other common elements, such as Mn,Si,P,S, which are always
found in steel, are all in substitutional solid solution, while carbon

and nitrogen are in interstitial solid solution.



All these elements contribute, in widely varying degrees to the
stability of the phases found in stainless steel. These elements
can be expressed as either ferrite stabalizers or austenite
stabjlizers. Elements which promote ferrite formation are Cr, V,
Ti,W,Al, Mo,S1,Cb, while austenite stabilizers are C, Ni, Cu, Co,

N, Mn (31,36).

A useful diagram, illustrating the effect of each of these
elements, is the Schaeffler Diagram, Fig. 25(31 p.88,36) . This
diagram was devised only for predicting the phase structure of weld
metal, but it can still be used to predict general effects of alloy-
addition on the structure of stainless steel. In this diagram the
important ferrite stabilizers are each multiplied by a potency
factor, and the results are added together. The total is expressed
as a Cr equivalent and is read on the horizontal axis of the diagram.
Similarly, the austenite stabilizers are expressed together as a
Ni equivalent and this total is shown on the vertical axis. Any
given N1 and Cr equivalent combination, together define a point
of this diagram, from which the phase composition of a weld metal

can be predicted.

On this diagram the point P denotes the analysis of a typical
18/8 stainless steel. While it is obvious that an increase of Ni
equivalent will stabilize austenite, either an increase or decrease
of Cr equivalent will remove this analysis point from the region of
stable austenite. Increased Cr encourages ferrite formation, while
a decrease in Cr produces martensite directly by quenching - ( the
thermodynamically stable phase is ferrite). The same situation was
observed in Fig. 24, ‘
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The effect of carbon on the constitution of
stainless steel containing 18 percent chromium
and 8 percent nickel.
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Fig. 924, Phases in Fe-Cr-Ni Alloy with 0.17C
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Chromium equivalent = %Cr + %Mo 4+ 1.5x %Si + 05 x %Cb

Nickel equivalent = % Ni + 30 x %C 4+ 05 x % Mn

Example: Point X on the diagram indicates the equivalent composition of a 318 (316 with
columbium) weld deposit containing 0.07%; carbon. 1.55°, manganese, 0.37°, silicon, 18.02%;
chromium, 11.87% nickel, 2.16°, molybdenum. 2nd 0.80°%, columbium. Each of these per-
centages was multiplied by the **potency factor™ indicated for the element in question along
the axes of the diagram, in order to determinz the chromium cquivalent and the nickel
equivalent. When these were plotted, as point X. the constitution of the weld was indicated
as austenite plus from 0 to 5%, ferrite. Magnetic analysis of the actual sample revealed an
average ferrite content of 2%, For austenite-plus-ferrite structures. the diagram predicts the
percentage ferrite within 42; for the following corrosion-resistant steels: CH-20, CH-20C,

CK-20, CF-12M, and CF-8MC.

Fig. o5, Schaeffler diagram for estimating
ferrite content from composition.
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C. Mechanical Properties of Austenitic Stainless Steel

The mechanical properties of annealed austenitic stainless

steel may be summarized, in very general terms, as follows: (7)

1., Tensile Strength : 80,000 - 120,000 psi
2. Ductility : 657 - 757%

3. Yield Strength: 25,000 - 60,000 psi
4, Impact Resistance: 70 - 120 Ft~-1b Izod.

The AISI standard tempers for cold rolled austenitic stain-
less steel and strip are given in Table 11 (7).

Cold work, in addition to bringing about the properties
indicated in Table 11, increases the fatique strength of austenitic
stainless steel but at the same time increases its notch sensitivity.

The outstanding feature of austenitic stainless steel is the
drastic change in mechanical properties which can be achieved by
cold work, as is clear from the data in Table 111 and Fig. 26.

A number of investigations have put forward possible reasons for
this accelerated work hardening (34,35,37,38,39,40) . Ludwigson
and Berger recently proposed a2 model to describe the plastic
behavior of metastable austenitic steel (37)., Their empirical
equation, describing the stress developed in response to strain,

included the contribution of three strengthening parameters:

a) Strain hardening of austenite
b) The extent of strain induced transformation of austenite
to martensite

¢) The strength of the product martensite
They examined the effect of alloying on the different parameters
expressed in their equation. It was found that the principal contri-
butors to the strength of the cold worked material were 1, the amount
of martensite formed ,and 2, the strength of this martensite. Many
elements, notably C and N, had effects that increased strength and

at the same time had opposing softening effects.
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An increase of either C or N, for instance, retarded the phase
transformation to martensite but, the martensite which was
formed, was stronger. The anomalous effect of Cr, depending on
other alloying elements present was mentioned previously. Both
an increase or decrease of Cr can make austenite less stable. A
suitable chemical alloy balance must be determined in order to
obtain maximum work hardening in a steel.

The effect of cold work on two different stainless steels:
of the same series can be seen from the data in Fig. 57, These
illustrations refer to AISI 301 and 304 Steels, which have the
following typical compositions (7).

C Mn Si Cr Ni
AIST 301 .15 2.00 max 1.00 max. 17.0 7.0
AISY 304 .08 2.00 max 1.00 max. 19.0 9.5

The AISI 301 steel has a much higher rate of work hardening ( 7,
29,31,32). It can be seen from the metal analysis that the critical
elements are C, Ni, Cr. 1In this comparison, the lower Ni content

in grade 301 promotes increased transformation from austenite to
martensite, while at the same time, the increased carbon increases
the strength of the martensite formed, as well as the strength of
the residual austenite. The lower Cr analysis in this range of Ni

analysis also promotes martensite formation.

50



TABLE IIX

MINIMUM TENSILE PROPERTIES OF VARIOUS TEMPERS OF COLD

ROLLED CHROMIUM-NICKE]L STAINLESS STEEL SHOOT AND STRIP

Tensile.. Yield Strength Elongation Rockwell
Temper Strength (0.27 Offset) (in 2 in.j:" c
psi psi 4 Hardness
1/4 Hard 125,000 75,000 25 25
1/2 Hard 150,000 110,00C 15 or 18 32
3/4 Hard 175,000 135,000 10 or 12 37
Full Hard 185,000 140,000 9 or 9 41

Extra Full Hard 200,000 - ' - 45
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TAELE

111

Effect of Short- Time Aging on Properties at Room Temperature

AISI Conditions Subsequent Yield Tensile Elongation
of Heat Strength Strength  (in 2 in.)
Type Rolling Treatment PSI PSI Z
301 As received none 34,000 102,000 72.0
107 at R.T. none 78,000 120,000 44,5
550F~24Hr . 86,000 119,500 46.5
10% at—lOSoF none 84,000 153,000 32.5
550F -24Hr 26,000 142,000 40.0
107 at-320°F
550F-24Br 95,000 155,000 31.0
20% at R.T. none 96,000 139,500 32.
550F -24Hr 117,000 146,000 33.
207 at-105°F none 128,000 206,000 18.5
550F-24Hr 159,000 193,500 15.5
207 at-320°F none 182,000 236,000 10.
550F-24Hr 218,000 241,000 5.5
407 at R.T. none 156,000 186,000 9.
o 550F-24Hr 166,000 194,000 8.5
407 at-105"F none 268,000 273,000 3.5
550%-24Hr 275,000 276,000 2.
407 at-320°F none 291,000 295,000 3.5
550F-24Hr 308,000 309,000 3.
607 at R.T. none 209,000 236,000 3.
550F-24Hr 216,000 242,000 2.
607 at-105°F none 311,000 318,000 1.5
550F-24Hr 313,000 316,000 1.5
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Yield and Tensile Strength, 1000 ﬁsi
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D. Theoretical Aspects on Plastic Deformation of Stainless Steel

Plastic deformation energises the martensite transformation
in austenitic stainless steels where the Md temperature is above
the deformation temperature (9,34,40). As the Ms temperature of
a steel is raised by suitable alloying and approaches room
temperature, the steel is termed meta-stable, i.e. room temperature
strain will induce martensite formation. As the temperature of
plastic deformation is reduced, towards the Ms, martensite

formation is enhanced (39,40).

For example, a typical stainless steel of composition
C 0.0447, Cr 18.87, Ni 7.997 has a Ms temperature of -30° (40),
which is raised about 50°C for each 17 decrease in nickel (40).
As was seen earlier, when discussing phase diagrams, low nickel
austenitic stainless steels are typically metastable. In some
cases, the temperature of complete martensite formation, Mf,
may never be attainable, eg. the above mentioned steel, quenched
to -263°C (approaching absolute zero), in the absence of cold
work, can never contain more than 157 by volume of martensite.
Table iiijshows the effect of cold working température on the

mechanical properties of austenitic stainless steel.

In stainless steel the martensite transformation products
are either a hexagonal close packed (HCP) or a body centred phase
(BCC or BCT). The HCP phase is referred to as Epsilon Martensite

€ (38,41),and it is a special type of martemnsite where the

austenite-martensite interface is fully coherent (20).

With decreasing temperature, the stacking fault energy
decreases in 18/8 alloys, since it essentially depends on the
free energy differences between the hexagonal and the face

centred cubic phases.
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A decrease of stacking fault energy would promote the formation

of sheets of stacking faults, i.e. the partial dislocations are
farther apart. The local faults produce a hexagonal structure,
the same as the previously mentioned € phase (41;42); Whether

the hexagonal configuration acts as a nucleus for formation of

BCT martensite or changes itself first to € martensite Las not
been proven conclusively (42,43). Stable £ martensite appears

to be transient, in any case (38,43,44). At 0°c, a AIST 301

grade of steel produces a maximum € martensite at 102 strain,

and even this 4s only about 107 of the martensite formed at

that stage of cold work. At 50% reduction, the € phase disappears
(38). The same steel strained at 50°C shows no € phase at all, at

any amount of strain (38).

The nature of the applied stress also exerts considerable
influence on the transformation of martensite, i.e. more martensite

transformation is obtained by tensile than by compressive stress (45).

Less martensite transformation is observed at higher strain
rates (46). This is generally attributed to the increased tempera-

ture induced during rapid deformation.

It i3 clear that more than steel chemistry determines the
rate of martensite transformation. The transformation is in-
fluenced by temperature, stress - system, amount of plastic strain,

microstructure, and even specimen geometry (43).
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E. Discontinuous Yielding

During the mechanical testing, under controlled conditions, some

austenitic stainless steels show discontinuous yielding (43,46).

Bazinski (47) postulated that this instability was due to
localized softening, caused by heat evalution In testing at a
temperature where the specific heat of the metal is low and the
flow stress is highly temperature dependent, i.e. deformation under
these conditions produces localized heating, which can resoften
a metal at the point of strain. He maintained that even structurally
stable materials will exhibit diseontinuous yielding at low temperatures.

An alternative theory was proposed by Watson & Christian (48).
They contend that the discontinuous flow is due to an induced burst
type martensite transformation as necking begins. This would re-
strengthen the metal. In the more recent literature, the Bazinski
theory is the one more generally favoured (43,46). The "Burst"
phenomenon of Watson & Christian is believed to be a result of

yield strain and note the cause of serrated flown (43),

The total elongation of a metastable austenitic steel is at
a maximum if the following two conditions are satisfied (38).

1. A large amount of deformation is available in the

austenite before the martensite transformation starts.

2. Once local contraction occurs, martensite is gradually

induced and the increment in strength caused by this

martensite is responsible for the increment in the applied

stress at the necked portion and thus prevents early failure

by necking.

When martensite is formed early during strain, it hinders
elongation. The martensite has a BCT structure, which has a very
much lower total elongation than the FCC austenite. When formed,
this martensite contributes its low increment to the total
elongation, resulting in premature necking. Beyond a minimum
stability that eliminates the above condition , elongation improves
with decreasing austenite stability (39), an exactly opposite effect.
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@ F. Amnealing of Austenitic Stainless Steel

The annealing of metastable austenitic stainless steel is
considerably more complex than the recovery, recrystallization and
grain growth phenomena encountered in the annealing of single
phase materials. In stainless steels, other metallurgical changes
occur: martensite tempering, carbide precipitation, and the reverse
martensite to austenite phase reaction. During the heating of a
typical fully cold worked austenitic stainless steel, the following

sequence of events is observed (35,37,40):

Up to 200°C - No measurable effects.

200°¢c-300°¢ ~ Initial softening and stress relief occurs.
Yield strength increases.

300°c-400°C ~ Carbide precipitation begins at slip
planes. These precipitations are spread
more uniformly than during the heating
of non-cold-worked material, as they do
not only form at the grain boundaries.

400°c-700°C - Carbide precipitation continues at twin
and grain boundaries.

At 550°C - The martensite phase starts to disappear.
The carbide precipitation and phase change
processes overlap.

600°c-650°C -~ The phase change of martensite to austenite
progresses at great speed.

700°¢C - magnetic properties disappear at about this
temperature (Curie point).

750°¢C - The martensite to austenite phase change
is complete

800°C -At this stage the carbide precipitates are
coarse and often form a continuous network
around the grains .

Above 800°C - Prolonged heating in this range causes
carbide coalescence. The carbides progress-—

ively re-dissolve as stable austenite

temperatures are reached.
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At 1000°C - Depending on the carbon content of
stainless steel, mnost of the carbide
precipitates should be in solution. The
rate of dissolution is very rapid.

During annealing, the martensite transforms rapidly to the

austenitic phase, any stable ferrite phase present, however,

dissolves more slowly.

A partially cold worked austenitic stainless steel will first
harden and increase in tensile strength, then soften during annealing,
i.e. submicroscopic coherent precipitates form first, and then
these precipitates lose their coherency with the matrix. In highly
cold worked material, this initial hardening phenomenon is not
observed (49), More carbide precipitation occurs when heavily cold

worked, rather than annealed, stainless steel is annealed.

In the present work, an attempt was made to minimize carbide
precipitation during the annealing of cold worked austenitic stainless
steel, so as not to adversely affect corrosion. Prime consideration,
however, was given to the study of the change of mechanical rather than

corrosion resistive properties brought about by cold work and annealing.



Section IV

EXPERIMENTAL PROCEDURE
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IV EXPERIMENTAL PROCEDURE

The preparation of temper rolled and temper annealed specimens
is discussed in this section. Brief description of the testing
methods employed for assessment of structural and mechanical properties

are also included.

A. Material

The experimental samples used throughout the work originated
from the same production heat of AISI 301 stainless steel. The
material was received from Atlas Steels Company in the form of
annealed strip with the following process history:

1. Teemed Continuous Casting - 6 5/8 in. X 24 in. section

2. Primary Rolling - to 2% in. X 194 in. section
at 2380°F.
3. Secondary Rolling - by Planetary Mill to 0.180 in.
| to 0.008 in. at 2220°F.
4. Annealing - Preheated to 1700°F and held

at this temperature for 5 sec.
Heated in main furnace at 2150°F

for 1 minute and air cooled.

Thus, the as-received material consisted of strip, approximately
2 ft. wide and 0.180 in. thick. The chemical ladle analysis of this
steel is given in Table IV,
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TABLE IV

CHEMICAL LADLE ANALYSIS OF THE EXPERIMENTAL MATERTAL

C Mn P S Si Cr Mo
0.12 1.31 0.024 0.011 0.68 17.28 0.20
Co Ni Cu Al Sn Pb B
0.10 8.03 Q:12 0.022 0.010 0.002 < 0.000001
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B. Preparation of Temper Rolled Material

In the investigation of the effect of temper rolling on
stainless steel, the mechanical properties were measured as a function
of increasing cold work. In order to eliminate the experimental
variable of sample thickness, all tests were performed on material
close to 0.036 in. pauge. This gauge was selected, as 1t represented
the maximum reduction obtainable with the laboratory rolling mill,
from the as received gauge of 0.180 in. The maximum cold work

possible was thus, an 807 reduction in thickness.

The as—réceived material was cut into 3 in. X 8 in. strips
and annealed as shown in Table V. This preanneal was considered

necessary for the following reasons.

1. The material had previously received only an industrial
anneal and it was uncertain if the metal was completely
austenitic.

2. The as-received material still contained a considerable
number of undissolved carbides. Maximum carbide solution
was desired.

3. Bands of nickel rich zones (determined by electron'microprobe)
were observed,running parallel to the rolling direction.
This structure was probably due to nickel segregation
produced during solidification of the concast slab. The
added anneal promoted more homogenization of solute atoms,
causing the nickel rich bands to virtually disappear.

4. The preanneal ensured a uniform grain size prior to

cold reduction.

All cold reduction was performed on a STANAT 2-high
laboratory rolling mill, using 4 in. diameter rolls. The reduction
per pass was very small ( less than 0.5%). This was necessitated
by the limited capacity of the rolling mill and the fact that
specimen heating had to be avoided. After every pass, the material

was cooled in a room temperature water bath.



No lubricant was used on the rolls, other than the water

adhering to the surface of the specimens after cooling.

Some slipping of the material occurred in the rolls during
cold reduction and, at a certain stage during the reduction, the
strips become slightly bowed. This problem was, however, over-

come by continuing the rolling with very small reductions per pass.

In order to obtain maximum cold reduction at the final stages
of rolling, when the material become extremely hard, a 4 high
rolling arrangement with 0.75 in. diameter working rolls was tried.
Due to the lack of rolling tension, however, the samples became hope-
lessly rippled and this 4~high rolling technique had to be discarded.
The maximum reduction that could be obtained with the 4 in. diameter
rolls was only 80Z.

The rolling schedules to produce the different intermediate

thicknesses are given in Table V.

Prior to the final cold work, all the samples (except those

reduced 80%) had to be annealed. The annealing was performed in a
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Lindberg Hevi Duty Muffle Furnace. After holding at 1100°C for varying

times, as discussed below, the samples were gquenched in water, which
was always maintained at room temperature. As no protective
atmosphere was used, the annealed test strips had to be "pickled”

prior to further processing.

The cleaning or pickling was performed using Aqua Regia
(75%Z HC1, 257 HN03). The solution was maintained at 70°C. Stubborn
oxide flakes were removed using 600 grit silicon carbide paper. The
surface of some of the samples being cleaned became seriously pitted

vhen over-pickled, These samples had to be discarded.

The annealing temperature of 1100°C and the annealing times
at this temperature were chosen in order to achieve the same hardness

and microstructure in the annealed specimen as existed before cold

reduction.
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Some difficulty was encountered in obtaining a suitable annealing
temperature. At 1000°C, the temperature of the preanneal, the
carbides precipitated during the annealing process did not dissolve
sufficiently before full recrystallization was achieved. When the
annealing temperature was raised to 1100°C, however, most of the
carbides redissolved before the desired recrystallized condition was
reached. The highly reduced samples reecovered their original hardness
more quickly, as would be expected from the theory of recrystallization
€8,9) , and from the fact that they were thinner and could be heated
more readily. Two annealing times were found to be sufficient to
satisfactory anneal the full range of cold reduced specimens; three
minutes for reductions of 307 to 807%7, and five minutes for reductions
for 2Z to 30%. The hardness readings obtained after annealing are
recorded in Table V., ' The differences in hardness of the annealed
material could be clearly correlated with grain size, ( the softer

material possessed a larger grain size).

After annealing at 1100°C,the specimens were cold reduced
to the finished thicknessess shown in Table V, i.e. reductions

ranging from 79.5%7 to 2.8%Z. The resulting mechanical properties
will be discussed in Section E: .



TABLE V

Annealing Schedules for Preparation of

Temper Rolled Material
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Pre- Int.-
Orig. Anneal Start. Start. Inter. Anneal Inter. Cold Final Final
Hard. Time at Hard. Gauge Gauge Time at Hard. Redn. Gauge Hard.

1000°C 1100°C
Rb min. Rb in. in. min. Rb 7 in. Re
88 30 80 0.178 0.0381 5 80 2.8 0.0370 9.0
88 30 80 0.177 0.0350 5 80 11.4 0.0310 24.0
88 30 80 0.178 0.0390 5 81 15.4 0.0330 -
88 30 80 0.178 0.0440 5 79 19.0 0.0360 -
88 30 80 0.177 0.0350 5 79 20.0 o0.0280 28.0
88 30 80 0.178 0.04R5 5 80 26.0 0.0360 -
88 30 80 C.178 0.0530 3 79 32.0 0.0360 -
88 30 80 0.177 0.0530 3 81 36.0 0.0340 36.6
88 30 80 0.177 0.0710 3 78 52,1 0.0340 40.0
88 30 80 0.177 0.0840 3 79 63.1 0.0310 41.0
88 30 80 0.177 0.1070 3 78 68.2 0.0340 42.6
88 30 80 0.177 0.1170 3 77 73.5 0.0310 43.6
88 30 80 0.177 0.1710 3 78 79.5 0.0350 46.3
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C. Preparation of Temper Annealed Material

The material to be used for partial annealing was cut into
3 in. X 8 in. strips and preannealed at 1000°C for 30 mins. in the
Lindberg furnace, without using any protective atmosphere. This
was exactly the same pre-—anneal as was given to the temper rolled
material. The annealed strips were then pickled and cold
reduced 807%.

Three temperature ranges were considered for temper annealing:

1350°c-500°C : Method for low temperature annealing
500°¢c-850°C ¢ Sensitization region
850°c-1050°¢C : Method for high temperature annealing

At temperatures below 350°C,any heat treatment would have
brought about a type of martensite tempering, which might have been
expected to increase tensile strength and reduce ductility (7).

Some softening would occur, but only if the material became overaged.

At temperatures above 1050°C, on the other hand, the rate of
recovery and recrystallization was expected to be too rapid for

practical experimental control.

1) 350°c-500°C Range
Preliminary low temperature annealing trials in this

range were conducted using two methods.
(1) Lindberg Hevi-Duty Furnace: No protective atmosphere
was used. The annealing temperatures used, as well
as test results, are indicated in Fig. 5g,
(11) Low Temperature Salt Bath: The salt bath used was
12" in diameter and was heated by an electric coil
within the bath. The salt used, Houghton Draw Temp
275, was a mixture of 557 Potassium Nitrate and 457
Sodium Nitrite. The bath was stirred continuously

in order to maintain an even temperature, A Bristol
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proportional controller maintained the bath
temperature to £1°C of the value desired. The

results are illustrated in Fig. 29.

As can be seen from Fig. 28 and Fig. 29, neither annealing
technique, even after annealing for over 48 hours, produced any
significant softening of the material. The hardness reading of
the annealed state was not even approached. Optical microscope
examination revealed gross carbide precipitation. Any softening
observed was telieved to be only due to overaging of the martensite
present, i.e. precipitated ferrous carbides lost their lattice
coherency, as was explained in Section iii:— no recrystallization

process was involved.

Temper annealing in this temperature range was therefore

abandoned.

2) 500°c-825°C Range

As was discussed in previous sections on sensitization,

heating of austenitic stainless steel in this region produces
precipitation of chromium rich carbides. The areas surrounding
these precipitates are denuded of chromium and thus lose their -
corrosion resistance. No annealing trials were attempted in this

temperature range.

3) 825°¢-1050°C Range

Two annealing techniques were tried in this temperature

range.

(i) Lindberg Hevi-Duty Furnace:
The air chamber in this fufﬁace was large and had severe temper-
ature gradients. In order to obtain a zone of uniform tempera-
ture, a graphite tube (1% in. ID) was located centrally in the
furnace, with an opening that coincided with the existing opening
in the furnace door. Because the graphite tube had good thermal

conductivity, a 9 in. length of uniform temperature (2100) was

obtained.
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At high temperatures, the graphite tube became oxidized fairly
quickly and because of this, provided a partially reducing CO2
atmosphere. A specimen could be held in the furnace at 1000°C
for periods of over one hour, without scaling. Only minor
pickling was required. This aif annealing process, however,
proved to give heating rates which were too slow, i.e. the
heating up period was as long as the time held at temperature,

(a full 20 seconds was required to heat the sample to temperature).
Using this method, therefore, the recrystallizatfon was virtually
completed during the heating up period. Further, gross carbide
precipitation was observed in the specimen as a result of the
slow heating through the sensitization range. For ‘these reasons,

this method of annealing had to be abandoned.

(i1) High Temperature Salt Bath:

A laboratory Leeds and Northrup Hump furnace was fitted with
a 5% in. Dia. X 14 in, Muffle. The maximum recommended operating
temperature for this muffle was 1010°C. An Inconel pot 3 in. Dia.
X 12 in. deep , was fabricated as illustrated (Fig .30),and suspended
in the muffle by its ledges. A single piece of insulating brick,
(14 in. Dia. X 4 in.) was used to cover the whole top of the furnace.
A 1l in, diameter opening was made in the center of the covering brick
in order to allow access to the bath. Even this small hole allowed
excessive temperature loss (10°C in 2 minutes) and thus was always
kept covered except when actually inserting or withdrawing a specimen.
The salt used was a 157 NaCI-85Z BaCl2 mixture prepared from pure an-
hydrous compounds. This salt mixture, which melted at approximately
760°C, provided an effective molten operating range of 815°C to 1090°C.
When the bath was operated over 950°C, some salt fuming took place,
but not enough to hinder any experimental work. A Leeds and Northrup
10876 D.A.T. control system, supplied with a Speedomax H Recorder,
maintained the muffle temperature within 1°C of the desired temperature.
A Chromel-Alumel thermocouple, the junction located 2/3 up the muffle
wall, was used to activate the controller. The salt temperature was
measured accurately, using an external thermocouple that had been

accurately falibrated against the melting points of several pure
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At high temperatures, the graphite tube became oxidized fairly
quickly and because of this, provided a partially reducing CO2
atmosphere. A specimen could be held in the furnace at 1000°C
for periods of over one hour, without scaling. Only minor
pickling was required. This ai# annealing process, however,
proved to give heating rates which were too slow, i.e. the
heating up period was as long as the time held at temperature,

(a full 20 seconds was required to heat the sample to temperature).
Using this method, therefore, the recrystallization was virtually
completed during the heating up period. Further, gross carbide
precipitation was observed in the specimen as a result of the
slow heating through the sensitization range. For these reasons,

this method of annealing had to be abandoned.

(11) High Temperature Salt Bath:

A laboratory Leeds and Northrup Hump furnace was fitted with
a 5% in. Dia. X 14 in. Muffle. The maximum recommended operating
temperature for this muffle was 1010°C. An Inconel pot 3 in. Dia.
X 12 in. deep , was fabricated as illustrated (Fig .30),and suspended
in the muffle by its ledges. A single piece of insulating brick,
(14 in, Dia. X 4 in.) was used ‘to cover the whole top of the furnace.
A 1 in., diameter opening was made in the center of the covering brick
in order to allow access to the bath. Even this small hole allowed
excessive temperature loss (10°C in 2 minutes) and thus was always
kept covered except when actually inserting or withdrawing a specimen.
The salt used was a 15% NaCI-85Z BaCl2 mixture ,prepared from pure an-
hydrous compounds. This salt mixture, which melted at approximately
760°C, provided an effective molten operating range of 815°¢c to 1090°C.
When the bath was operated over 950°C, some salt fuming took place,
but not enough to hinder any experimental work. A Leeds and Northrup
10876 D.A.T. control system, supplied with a Speedomax H Recorder,
maintained the muffle temperature within 1°C of the desired temperature.
A €hromel-Alumel thermocouple, the junction located 2/3 up the muffle
wall, was used to activate the controller. The salt temperature was
measured accurately, using an external thermocouple that had been

accurately falibrated against the melting points of several pure
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metals ( Sn, Zn, Al). A calibration curve relating the true
bath temperature and control recorder temperature was obtained.
The difference between these two temperatures was -always less

than 5°C.

The salt bath was 11 in. deep and, with constant stirring,
the temperature profile, as indicated in Fig.31, was maintained,
i.e, an 8 in. depth of uniform (ilPC) temperature is indicated.
If the bath was not agitated, however, the temperature profile was
as shown in Fig.32 , 1i.e. only a 5 in. length of constant temperature
could be achieved. This was considered to be unsatisfactory. As
the salt bath was maintained at the desired temperature, it was
constantly agitated by a stainless steel mechanical stirrer. Just
before a specimen was to be annealed, the stirrer was removed. Only
one specimen was heat- treated in the salt bath at one time. After
the desired holding time, the sample was quickly withdrawn and quenched
in water, which was maintained at room temperature. A maximum of
5 specimens could be annealed in succession, before the temperature
gradient in the bath changed. When this change occurred, the stirrer
was replaced and heating continued until the temperature of the bath
again became stabilized. The results of these preliminary trials are
indicated in Fig.33. From these results, an annealing temperature of
850°C was chosen as suitable for the temper annealing experiments.
Any higher temperatures produced almost complete recrystallization
within 20 seconds. At temperatures lower than 850°C, complete
carbide dissolution was not obtainable. Even at this low temperature,
the specimens were completely recrystallizated in 60 seconds. It
took the immersed specimen 7 sec. to reach the temperature of the
salt bath. As will be seen later, it was necessary to use some
annealing times that were very short indeed, eg. 1-7 sec. In these
cases, it is probable that the standard annealing temperature of
850°C was never reached, and the maximum temperatures reached in these
cases were within the severe sensitization range. It was hoped that
the short residence time in this dangerous range would not allow
sufficient chromium depletion, . so as to adversely affect corrosion

resistance. Consequences of this heat treatment will be pointed out
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in the analysis of the results.

It should be also mentioned, that in order to approach
the grain size required for the softer, completely annealed
material, a temperature of 900°C was used for some of the work.

These results complemented the results previously obtained by
annealing at 850°C.

The final mechanical properties obtained for temper annealed
material will be discussed in Section V.
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D. EXPERIMENTAL TECHNIQUES

1) Preparation of Tensile Specimens

The tensile specimens were prepared from strips 3/4" wide,
cut in the rolling direction of appropriately treated material.
All test material was cut on a Doall Band Saw, using friction
cutting. The heat affected zone produced by sawing was sub-
sequently removed by milling, as the specimens were further
shaped on a "Tensilkut'" shaping mill to a modified ASTM E-8
specification (50). The overall length of the specimen was
8 in., i.e. one inch shorter than standard. Due to the extreme
hardness of most of the samples, only one sample was milled at
a time. As the milling bits beame worn, the increased cutting
friction produced heating in the sample, and to avoid any tempering
or heat effect on the material being tested, the whole template
and sample assembly was frequently cooled in a room temperature
water bath. The " Tensilkut' template is designed with a blended
taper of 0.003 in., to insure a minimum cross section at the center

of the specimen so that fracture would occur within the gauge length
( Fig. 34).

Width and thickness measurements on the specimens were made
with an " ETALON" micrometer. This is a very precise instrument,
and has a jeweled dial gauge that can be measured accurately to
20.00002 in. (3). Each width and thickness measurement recorded
was an average of five readings, taken near the center of the

pauge length and across the width of the specimen.

Four specimens were prepared for each experimental condition.

2) Tensile Testing

The tensile tests were performed on an Instron TT-D Universal
Testing Machine at room temperature.
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Wedge action grips were used. The loads were measured with a GR
Instron Load Cell and the extension was measured using an Instron
strain guuge extensometer, with a 1 in. gauge length and a 1 in.
maximum extension. The maximum extension obtainable with Instron
strain gauges was 1 in. and ,as some of the test samples were
expected to have total elongations of over 50Z, the more common

2 in. gauge length used by previous workers in this field (1,2,3)

could not be used,

The Instron cross-head movement was supplied with an
accurate control dial which could be adjusted to read 0.002 in.
This dfal was used to calibrate the extensometer. Thus an
extensometer error of 0.22 could be expected, i.e. (1.0%0.27)
or (10.0%20.2%). This error is well within experimental accuracy
of normal tensile testing. The Instron X-Y Chart drive system
was used to measure elongation. Thus, a gauge extension of
1l in. represented 1007 elongation on the recorder chart. The
sensitivity of the recorder was varied to obtain 6 in. to 10 in.

of _chart movement for a complete specimen extension to fracture.

The yield strength was measured by the 0.27 offset method
as shown in Fig.35. Only the engineering Tensile and Yield
Strengths were derived from the curves, i.e. the appropriate loads
were simply divided by the original cross-section area of the
sample. Each recorded value in the results represents the average
of readings from four samples, except for the instances when fracture

of some samples occurred outside the gauge length.

The rate of crosshead travel was maintained at 0.2 in.per

minute for all tensile testing.

Three distinct types of chart curve were obtained during

tensile testing.

a) A smooth flat topped stress-strain curve was typical

for annealed austenitic stainless steel ( Fig.36).



A 0.27 offset yield strength had to be used as no precise

yield point was measurable.

b) At intermediate strengths, a discontinuous yielding
phenomenon was observed. This is illustrated in Fig. 37.

A fairly sharp upper yield point was observed, followed

by a plateau of lower uniform yield strength. The specimen

sometimes fractured at this lower yield strength and

sometimes more " work hardening' was produced prior to fracture.
4 P p

The resulting curves were similar to the curves normally

"

obtained with annealed mild steel, except that the " work

hardening" stage was always very short ( 27 maximum). The reasons

for this phenomenon were discussed in section 11l1-E.

c) With very highly cold worked specimens, virtually no
yielding was observed ( Fig. 38). The specimens fractured
within 17 of yielding, without any observable necking.

In all cases, the total strain was defined as the horizontal
distance from the-line of proportionality to the point of fracture.
The uniform strain was defined as the horizontal distance from the
line of proportionality to the first drop from maximum load. For
very ductile material, in order to obtain an accurate value for
yield stress as well as a convenient chart size, it was necessary
to decrease the elongation sensitivity once the yield stress was

passed. In Fig. 39 is outlined the procedure used to interpret the

change of scale (3).

Previous work with similar procedures, and using the same
testing equipment, confirmed the accuracy of this indirect method
of obtaining elongations (3). This procedure gives more accurate

results than can be obtained by direct measurement of the sample.
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@ 4 3) Erichsen Testing

The Erichsen Test is a common industrial test for ductility.
It is defined as a cupping test in which the depth of impression
at fracture, made by forcing a cone shaped, spherical end plunger
into the sheet specimen, is measured in inches or millimeters(l).
It 1is generally agreed that this test can give widely varying
results, varying from operator to operator or from machine to machine.
Variation in clamping pressure, lubrication, and die smoothness can
also affect the readings. However, because of the industrial

importance of this test, some representative samples were tested.

The testing machine was a Louis Small model ductility tester,
supplied with automatic hydraulic clamping equipment, which maintained
the clamping pressure at a fixed ratio to the punch pressure. The
same dies were used for all testing. The lubricant used was polythene
sheet, 0.0002 in. thick, ensuring similar and effective lubrication.
The end point was determined by slowly applying the load and care-
fully watching the punch pressure dial and the cup depth dndicator
to the point of specimen fracture. At the point of fracture, the
pressure gauge needle dropped suddenly. The depth of cup reached
when the pressure needle dropred was taken as the Erichsen value. The same
operator performed all the tests, using the same experimental

technique. Three samples were tested at each experimental condition.

4) Hardness Testing

Small test pieces were cut from the tensile specimens as
shown in Fig. 34, Hardness was measured using an ordinary Rockwell
Machine. Rockwell B and C scales were used, as the superficial
testings scales, 30T, produced a very wide scatter of readings
(the equivalent of 5 RB). On soft and thin material the depth
of renetration of the test head was almost half as deep as the

specimen thickness, thus giving an inaccurate reading.
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When these samples were mounted on edge in Bakelite, more valid
results could be obtained by performing the hardness tests on

these mounted samples.

Five hardness readings were obtained for each specimen. The
hardness recorded for an experimental value was an overall average

of the hardness results obtained from all four tensile specimens.

5) Metallography

Representative samples were obtained from: the experimental
specimens for metallographic examination. The samples were studied
for sensitization effects as well as for the correlation of
mechanical properties with microstructure. Longitudinal sections
of the same samples used for hardness testing were mounted in Bakelite.
A hole was drilled into the back of the Bakelite mounting in order to
make electrical contact with the metal for electrolytic etching
purposes. The samples were wet ground on a 80 grit belt, followed
by hard grinding, successively on 220,320,400, and 600 grit silicon
carbide papers. The specimens were then polished with a 5 micron
alumina slurry, on a nylon covered wheel. The final polish was
performed on a low speed wheel, covered with 'microcloth", using

a 0.3 micron alumina slurry.

The etching was performed electrolytically according to
ASTM specification A-262 (outlined in Table VI(51) ).

The hole drilled into the rear of the bakelite mounting
was filled with mercury to ensure good electrical contact. As
the electrical current was applied to the system, a gas film
started to form on the anode. This was noted by a drop of
current. The sample had to be tilted periodically to destroy
this gas envelope. When the required etching time was completed,

the sanple was removed from the electrolyte and quickly rinsed



with water, followed by an acetone rinse and rapid drying under
a hot air blast.

The final polish and etching was repeated three times to

ensure that surface effects were minimized.
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TABLE VI

Electrolvtic Etching Technique
(Modified ASTM Specification A-262)

Power: 15 V and 20 amp. D.C.

Cathode: Piece of Stainless Steel

Anode: Sample to be etched

Electrolyte: 107 Oxalic Acid by weight gqueous

Solution-
olution (H2C204) 2 H,0

Sample Area: At least 1 sa. em.yp to 1 sq. in.
Current Density : 1 amp. per sq. cm.
Time of Exposure : 20 sec. to 1.5 min., depending on

relief desired.

Temperature: Flectrolyte to te kept btelow
50%
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6) X-Ray Analysis

As was pointed out earlier in Section iii}c, one of the
results of cold working austenitic stainless steel is the
transformation of some of the austenite to martensite. The extent
of this transformation plays a significant role in the mechanical

properties of the plastically deformed material.

Metallographic methods of determining the martensite content
are unreliable for metastable austenitic stainless steel. The
martensite formed by cold work has the appearance of slip bands
in the predominantly austenite structure ( 23 p.25). With increased
deformation, these bands become distorted and, at about 50%
reduction, the microscopic structure becomes indistinguishable and

the estimation of martensite content is impossible.

Magnetic and dilatometric methods have been used to estimate
the austenite/martensite phase analysis. These methods, however,
become inaccurate when one phase is less than 10%, the steel is
highly alloyed, or the steel contains an appreciable amount of

carbides (52).

With the advent of accurate diffractometer apparatus, X-Ray
diffraction techniques have become the most popular tests for this
type of analysis. As little as 0.37 of a component can be analysed
(52). 1In the present work, the direct comparison X-Ray diffraction
technique, as described in Cullity ( 53 p.391-396), was found to

be suitable for phase analysis.

The following assumptions were made by Durnin & Ridal (52)
concerning this experimental procedure, and were incorporated in

the present work.

1. The absorption factors for austenite and martensite

differ only by 47 and are thus considered equal for calculation purposes.
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2., Extinction is negligible for the peaks used for analysis.
3. The Debye-Weller Temperature Factor for ferrite is also

suitable for stainless steel.
4. A correction is required for the atomic scattering factor,

as the Fe Kot radiation used is very close to the absorption edge

of iron (stainless steel).
5. The carbide precipitates formed in this stainless steel
are almost exclusively Cr23 C6 (34,35). These carbides, if present

in sufficient amounts, could affect the peaks as follows:

(200) ] strong overlap
(200) o weak overlap

(220) Y medium overlap
(211) ex< medium overlap
311) ¥ strong overlap

Since cartides would only account for a very small volume percent,
well within the accuracy of the X-Ray readings, they were neglected

in phase analysis calculation.

6. Austenite peaks show more preferred orientation, as
texture is introduced duriﬁg hot working. The 220 & peak is
greatly increased by rolling, as it is parallel to the (110)
principal plane of rolling for austenite.

7. The effect of texture can be minimized, but never
completely overcome, by spinning the sample.

8. In Durnin's and Ridal's work, the retained austenite
results obtained by using the 21le¢ peak for comparison were higher
than results obtained using the 200 o peak.

9. The retained austenite results found by using 311 ¥ peak
corresponded mostlglosely to results ohtained by magnetization
techniques. This diffraction line was the line of lowest symmetry
and was expected to be least affected by rolling texture.

10. The peaks considered suitable for comparison purposes
were 200e¢ ,211le¢ ,200 ¥ ,220 ¥ ,311 ¥ . These peaks did not interfere
with each other, i.e. did not overlap. The 220e¢ ,110e< ,222 ¥ 111 ¥
peaks were only included for determining the lattice parameters of

the ¥ and o¢ phase, i.e. the position of the peak was measured, not

the intensity.



Other factors relevent to this technique will also be
mentioned. The peak position measured for the body centred
tetragonal martensite (002,200) is exactly the same as position
for the corresponding (200) body centred cubic structure, ferrite
(o€ ) (53). The martensite peak appears as a very broad ferrite
peak. The broadening of this peak 1s aggravated further by cold
working of the martensite (54).

Iron Keradiation was used in the present X-ray work, as
the only other target available, Cu , was unsuitable for ferritic

analysis due to excessive fluorescence (55).

Face centred cubic (FCC) metals exhibit predominantly two
distinct types of rolling textures: (22 p.541, 56 p.325)

a) " Brass Type" - (110) parallel to the rolling plane.
This is characteristic of FCC metals
of low stacking fault energy ( high
stacking fault frequency).

b) " Copper Type' =~ (123) parallel to the rolling plane.
These metals have a high stacking
fault energy.

The annealing textures of FCC material follow a similar

pattern: ( 22 p.568, 56 p.331)

a) " Brass Type" -~ a material with a Brass Type rolling
texture will exhibit a Brass Type
annealing texture, i.e.- (113)
parallel to the rolling plane.

b) " Cube Type" - (sometimes called Copper Type) - a
material with a Copper Type rolling

texture will show a Cube Type annealing

texture, i.e. (100) parallel to the
rolling plane.
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Austenitic stainless steel exhibits the " Brass Type" of texture
after both annealing and rolling (57). The annealing texture
during the recovery stage, however, duplicates the cold worked

texture (22 p.572).

For body centred cubic (BCT) metals the rolling texture
is generally -~ (100) parallel to the rolling plane (22 p.541).
The annealing texture of BCC metals can be described as a combination

of (22 p.568):

a) (111) [211) predominantly
b) (oo1) [110]
c) (112) [11Q very slightly

The ferrite or martensite phase would probably exhibit similar

tendencies as the BCC structure.

The plastic strain on the surface of a material may differ
from the strain in the bulk of the:material and could lead to

erroneous results.

The direct comparison method involves the cemparison of the
integrated intensities of selected plane refletions (hkl) of the
martensitic and austenitic phases. The following equation expresses

the integrated intensity of a diffraction line (53):

4 0?24
I (hkl) = 10° /23 a 1 ]Fl"v(-'rf-‘—'—‘) oM
[y VZ SinvB¢s @] € __

m2 c 32ar r

2m
I = integrated intensity per unit length of diffracted
h'line
Io = intensity of incident beam
e = charge of electron
m = mass of electron
c = veloc ity of light
P8 = wavelength of incident radiation

r = radius of diffracting circle
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A — cross-section area of incident beam
v = volume of unit cell

F = structure factor

P = multiplicity factor

8 = Bragg Angle

e-ZM = Temperature factor - function of 8
7, = linear absorption coefficient
o = absorption factor

A .

(.!_*_&_ig = Lorentz~Polorization factor
§iN20 cos®

The above equation can be rearranged so that:

K2 = a constant, independent of the kind and amount of diffracting
substance,

K2 - Io e4 7\3A
m2c4 32qrx

R = a variable, dependant on 6, hkl, and the kind of substance,

R -

it 5 (Legzze ]

2 SINt@cos &
\'a

Therefore, the equation can be expressed as,

I (hkl) = K, R

2 A

In a multiphase system, where the volume fraction of each component
is denoted by Vi,

Va * Vb¥----4%Vn -1
Each component produces its own pattern of diffraction lines. The

intensity of each line is a function of the volume percent of that

component in the mixture, i.e.

Ja = K2 Ra Va

2Ma
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The relationship between the intensity of a diffraction line
and concentration of a component, however, is not necessarily
linear. When using this technique to analyse the austenite-

martensite mixture, the following equations apply:

Ix(hkl) =K, R VY I o¢ (hl k1 11) =K, R _V

2y 2 “ext’ @<
2 Mm 2 A

Where u,1s a mean absorption coefficient. This simplification

is valid in this system as the difference in absorption coefficient,
At , between martensite and austenite is only about 47 and can be

considered as negligible. The absolute value of this .., is

immaterial in the direct comparison method, as it cancels out in

the calculations, as will be seen below.

If P = 1T e and G=R Y
Iy R o¢
then P = Rov¢ Veoe = Ve x 1
RY VY vy G
or expressed in an other way V_= Vg P? ¢ G (34).

If e and ¥ are the only phases present,

V‘,‘*Vx =1.
Therefore Vr =1 - Vge
=1-Vyg-G*P
Vy =-___ 1
(L+G-P)

In the present experiments, the formula used to calculate the volume

percent austenite was the following:

Vy 7 = 100

(1+G*P)
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a) Representative specimens ( 1 in. X 1 in.) were obtained from the

cold rolled and temper annealed material for X-Ray analysis in order

to determine the effect of phase structure of the stainless steel on

the mechanical properties,

The X~-ray experimental conditions were as follows:

Instrument :

Counter :

Radiation :

Diffractometer
Motion

Chart Motion :

Sensitivity :

Phillips Standard Diffractometer
Proportional Counter

Fe Target, Mn Filter

Voltage 40 Kv.

Current 10 ma.

: 1/2° prer min.

20 mm per hr.
from 10° to 10

maximum resolutdon.

3 eps - varied to achieve

In an attempt to minimize the effect of preferred orientation

in the specimené, each specimen was scanned at six different orientat-
jons in the sample holder, i.e. at 0°, 20°, 45°, 60°, 75°, 90° to the

rolling direction. The average of the intensity measurements obtained

at the different orientations was expressed as the peak intensity.

b) In order to determine the

extent of recrystallization and the

effects of cold work, back reflection X-ray films were obtained.

There is a voluminous literature on the interpretation of these
back reflection films (22 ,53) and therefore the theoretical
aspects will not be discussed.

Radiation :

Collimator :
Exposure Time :

Fe Target, Mn Filter
Voltage 40 KV
Current 20 ma.

Fine

10:00 BHours

Reflection planes observable with the available equipment:



311 & 20 - 126.6°
222 ¥ 20 = 137.8°
220 o< 20 = 145.6°

Film to sample distance: 1 1/2 in.
Film: Medical X-Ray film 5 in. X 7 in.

c¢) The forward reflection X-ray analysis method (22,53) was used
to determine texture (preferred orientation) in the specimens,
as back reflection techniques may not effectively indicate texture,

especially if the preferred orientation 1is only slight.

Radiation : Fe Target, Mn Filter
Voltage 40 KV

Current 20 ma.

Collimator ¢ Fine
Exposure Time t 3:00 Hours
Reflection planes observable with the available equipment:
110 e¢ 26 = 45.4°
111 ¥ 20 = 55.7°
Film to sample distance: 22 mm.
Film ¢ Medical X-Ray film 8 cm, X 8 cm.
Thinning Solution : 157 HC1
30% HNO3
10Z HF
452 H20
Temperatue ¢ simmering
Time t .030 in. to .010 in. thickness in 2 min.

Thickness of Test : 0.002 in.
Sample
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V RESULTS AND DISCUSSION

A. Introduction

The mechanical properties of temper rolled and temper
annealed AISI 301 stainless steel are presented in this section.
These properties are compared, especially with respect to differ-
ences in ductility achieved by the two treatments, and the results

correlated with differences in phase composition and microstructure.

E;_Egygg;nRolled Materials

The mechanical properties of the experimental materials
obtained after different amounts of cold work, up to 80%, are
presented in Table yii; Fig. 40 and Fig. 41. There is no published
data for mechanical properties corresponding to reduction of more
than 607, but up to that reduction, the present results compared
favourably with putlished data ( 7,29) (Fig.42). The curves
compared very closely in shape, but the data from the present work
showed tensile strengths consistently lower for the same amount of
cold reduction. This lower tensile strength in the experimental
samples could have been due to slight variations in steel composition
or the effect of a larger grain size in the experimental material
prior to cold work. There was much less variation when comparing
yield strength results. Up to about 307 cold reduction, yield
strength values were extremelv close. Beyond this reduction, the
material used in the present work showed lower yield strengths. This
low yield strength region was also the region of discontinuous yield-

ing, where the true yield point was more difficult to determine.

The outstanding phenomenon observed from this data is the
rapid rate of strain hardening. The tensile strength increased from
101,100 psi to over 283,000 psi by 80% cold reduction. The strain
hardening was most severe above 7C7 reduction. The improvement in
yield strengths was even more dramatic, eg. from 40,000 psi to over

260,000 psi.
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Rockwell hardness readings (Fig. 4la) indicated this rapid hardening
up to about 40 Re ( corresponding to 50% cold reduction). Beyond
this hardness, the Rc scale became insensitive, and did not reflect
the very rapid increase in strength still obtainable. The Vickers
hardness test was considered to be more sensitive in measuring higher
hardness. ( 9 p.502) but this did not turn out to be the case in the

present work ( Fig. 41b).

Total elongation of the annealed material was almost 757 and the
uniform elongation was about 577Z. These values, of course, are very
high and well ahove the elongations encountered in any other commercial
metals. It 1is for this reason that austenitic stainless steel is used
in such great amounts for applications requiring good formability.
After full ccld reduction, however, the total elongation was reduced

to less than 3%, while the uniform elongation was only about 17.

The stress-elongation curves of stainless steel exhibited three
distinct shapes.

1) Up to about 307 Cold Reduction: The stress—elongation

curve was smooth, without a sharp yield point ( as Fig. 36).

The total elongation was always about 107 greater than

the uniform elongation. Normal necking occurred prior

to fracture. For the experimental material, this type

of plastic flow occurred in material with tensile strengths

from 101,000 psi to about 140,000 psi.

2) From 30% to 657 Cold Reduction: The method of necking and

failure changed completelv. The total plastic deformation

prior to failure was increased significantly by the

discontinuous necking phenomenon discussed in Sec. izi}E.

The uniform elongation was only about 17Z. This was followed

by up to 25% of elongation in the form of a discontinuous

yielding plateau. WNormal necking added 37 to 57 of total

elongation prior to failure (as Fig.37). Although the

total elongation may have been over 307, the material could

not be really considered ductile, as the majority of this
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elongation was actually necking. The maximum discontinuous
necking occurred at the first onset of this behavior, i.e.

at 307 cold reduction. The amount of discontinuous necking
decreased with increased cold reductdon, and at about 657

cold reduction, it disappeared.

3) Above 657 Cold Reduction (above 200,000 psi): The material
was brittle. Uniform elongation was still about 17, but

the material failed with minimum necking (17 to 3%Z) (as Fig.38).
Although tensile strength increased dramatically with increased
cold work beyond this value, the amount of elongation was

practically unchanged.

Since the yielding accurred very differently in the above three
situations, interpretation of the variations in yield strength and
elongation with increased cold work became complex. Total elongation

may be a misleading measure of formability.



TABLE VII

Mechanical Properties of Temper Rolled AISI 301 Steel

Fxperimental Data

Cold Tensile Yield Uniform Total Hardness
Reduction Strength Strength Flongation Elongation Number
Z psi. psi. Z 4 RC
TS YS Eu Et

0 101,100 40,500 57 73 @ 0/Rb 80

2.8 102,500 50,840 55 70 9.0
11.4 121,800 74,400 44 53 24.0
15.4 125,200 94,800 40 50 -
19.0 133,700 105,700 33 42 -
20.0 134,600 108,700 31 41 28.0
26.0 144,800 119,600 20.5 30.5 -
32,0 155,000 127,300 2.0 23.5 -
36,0 165,800 135,000 1.2 - 36.6
52.1 184,600 162,900 1.2 11.0 40.0
63.1 200,600 176,100 1.1 5.4 41.0
68.2 214,900 193,600 1.0 3.2 42.6
73.5 250,100 215,600 1.1 2.2 43.6
79.5 283,500 250,200 1.1 2.6 46.3
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C. Temper Annealed Materials

The mechanical properties obtained by temper annealing at
850°C, for various times, are illustrated in Fig. 43(a), while the
same properties, obtained by temper annealing at 900°C are illustrated
In Fig. 43(b). Only long holding times are recorded for 900°C, as
this temperature was only used to expedite grain growth, so as to
obtain a grain size corresponding to the size found in the starting
material. By annealing at 900°C, it was possible to approach the

mechanical properties of the starting (annealed) material.

The full range of mechanical properties was obtained by
using five separate runs, as indicated in Table izii . Considering
the short time of annealing (virtually full recrystallization
within one minute) and the high annealing temperatures, 850°C -
900°C, very good reproducibility was obtained. At any one
annealing time, the scatter in the tensile strength was about 10,000
psi. The variation in elongation corresponded to tensile strength

scatter,

Great precision was essential in temperature measurement and
control. Each specimen had to be heat treated separately in order

not to disturb bath temperature or heat transfer conditions.

The annealing time was measured using a stop watch and material
transfer times were kept consistent. The sensitivity of the results
to annealing time can be seen from the fact that tensile strength
dropped from 283,600 to 181,000 psi. by increasing the annealing
time, at 850°C, from 0 to 10 seconds.

It was also imperative that the starting material used for
all temper annealing trials always had the same properties. If a
different rate of rolling or material cooling, or a different rolling

temperature was used, different mechanical properties resulted. If



the tensile strength after 807 reduction was not within the
rage of 283,000 psi. to 284,000 psi., the complete rolled

strip was rejected,

As was noted in the previous section on temper rolled
material, discontinuous necking was observed within a certain
range of tensile strengths, i.e. between 150,000 psi. and
200,000 psi. Material with tensile properties outside this range
behaved exactly the same as temper rolled material. In temper
annealed material as well, total elongation would be a misleading
criterion for ductility, eg. at 155,000 psi. ( annealed 20 sec. at

850°C) the total elongation was 337 while the uniform elongation,

which may be a better measure of ductility, was only 1.0Z.

Tensile strength values were higher than expected from
hardness readings, but were still well within the ranges expected.
At very high strengths, the Rc scale again became insensitive, eg.
in the range of tensile strength from 245,000 psi. to 283,000 psi.

the Nc value remained virtually unchanged at about Rc 46.5
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Mechanical Properties of AIST 301 Steel ~ Temper Annealed at 850°C - Runs No. 1 & 2

TABLE VIII part 1

Run No. 1 Run No. 2
Annealing
Time T.S. Y.S. Fu Et Hardness T.S. Y:iS. Fu Et Hardness

Sec psi. psi. 7 A Re psi. psi. Z A Re
00 283,600 274,000 0.5 0.9 46.3
01
03 256,300 232,700 0.8 3.1 46.5
05 243,200 213,000 1.3 - 45.5
07
10 191,100 186,300 - - - 180,800 153,500 1.1 19.0 43.0
12
15 163,000 139,300 1.1 29.0 - 166,900 132,500 1.2 24.0 41.6
20 153,500 136,800 - - -
30 141,900 98,700 - - - 148,600 110,100 30.0 41.0 40.0
45 134,700 89,000 4r.0 45.0 -~ 140,400 92,600 38.0 44.0 37.0
60 132,000 80,000 41.0 51.0 - 133,600 79,500 41.0 48.0 34.0
300

L0T



Mechanical Properties of AISI 301 Steel - Temper Annealed at 850°C - Runs No. 3 & 4

TABLE VII part 2

Annealing Run No. 3 Run. No. 4

Time T.S. Y.S. Eu. Et Hardness T.S. Y.S. Eu Et Hardness
Sec. psi. psi. Z YA Re psi. psi. Z 7z Re

00
01 266,600 245,600 1.5 3.6 - 265,300 243,600 - - 46.8
03 245,400 224,000 1.5 - 41.0
05 230,100 213,400 1.4 - - 233,800 215,400 - - 45.0
07 209,700 191,900 1.7 4.6 -
10 181,500 140,800 - - - 189,600 159,400 1.5 14.0 43,5
12 173,500 138,600 1.5 19.0 42.0
15
20 154,100 132,600 1.0 33.0 41.0
30
45
60

300 129,000 67,900 42.5 55.0 32

801



TABLE VIII part 3

Mechanical Properties of AIST 301 Steel

Temper Annealed at 900°¢

Run WNo.5
Annealing Run. No.5
Time T.S. Y.S. Eu Et Hardness
Sec. PST. PSI. A A
05 168,200 149.800 1.9 28.0 42.0
300 118,400 57,600 50.0 62.0 27.0
600 112,800 47,900 53.5 63.5 24.0
900 111,600 44,100 58.0 68.3 22.0

60T
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D. Comparison of Properties of Temper Rolled and Temper Annealed Material.

The tensile strength vs. elongation curve is the most
convenient curve for comparing properties of temper rolled and
temper-annealed material. This was the type of curve that was
used by S. Adams in his theoretical analysis os temper annealing

(17) (Appendix A).

In the material tested, both the uniform and total elongation
values showed modest but useful improvements when a desired tensile
strength was produced by temper annealing rather than temper rolling
( Fig.44 and 45). The maximum improvement in total elongation obtained
by temper annealing and was about 107 Et (Total Elongation), occurring
in the vicinity of 150,000 psi. tensile strength. Beyond about 210,000
psi., tensile strength, the total elongation obtained by either treat-
ment became almost the same, i.e. less than 37, but the elongation in
the temper annealed material wes always slightly higher ( see Table iii

and Table VIIL.

The shape of the tensile strength vs. uniform elongation curve
was very different from the tensile strength vs. total elongation
curve. Uniform elongation dropped off more acuickly with increasing
tensile strength, for both temper annealed and temper rolled materials.
Above 155,000 psi. the material was effectively brittle, i.e. the
uniform elongation was only 17%Z. The maximum improvement in uniform
elongation brought about bv temper annealing was about 157 Eu ( Uniform
Elongation), occurring at about 150,000 psi. i.e. at the same tensile
strength where maximum improvement in total elongation was obtained.
The humped shape of the temper annealing curve was probably due to

experimental error.

The absolute improvement in elongation may have been only
157 Eu, maximum, but at 150,000 psi., this represented an improve-

ment from 107 to 257, i.e. 1507.
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An increased ductility may have useful industrial applicationms,
where design considerations might require slightly more ductility
than obtainable when using normal temper-rolled material.
Designers and users of sheet and strip are constantly demanding
improvements in ductility with no significant loss of tensile

strength.

The curves in Fig. 44 and 45 formed almost a closed loop
and would have closed exactly if the grain size and other structure
features, (e.g. carbides) of the starting material for temper
rolling'had been exactly the same as grain size and other structural
features of the final temper annealed material. A material with a
large grain size strain hardens more uniformly over its plastic range
and so loses its ductility during cold rolling at a lower rate than
material with a fine grain size ( 58,59). There is also the Hall-~
Petch equation which shows that the strength of a material decreases
with increasing grain size (59). The above facts determine the shape
of the temper rolling curve. A starting material with a grain size
larger than that resulting from the temper annealing experiments tends
to opern the top end of the loop by changing the shape of the temper
rolling curve as seen in Fig. 46 (3). 1In the present experiment the
closing gap between the curves was very small and any error due to

variation in grain size was considered minimal.

Hardness readings are often used to predict other mechanical
properties. From Fig. 47a and 47b, it can be seen that there was a
great difference in elongations between the temper annealed and
tenper rolled materials at the same hardness readings, eg. at Rc
35 the uniform elongation of temper rolled material was 17, while
the uniform elongation of temper annealed material was 40%, the total
elongation of temvner rolled material was 227, while, for temper
annealed material it was 487. Hardness readings are thus not

always a very good measure of ductility.
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In Fig. 48, an unusual phenomenon was observed. At a
particular value of tensile strength, the temper annealed
material showed higher hardness readings. This was unexpected
since, at the same time, elongation was greater and yield strength
was lower for the temper annealed material. Adams' results,
plotted on an equivalent scale, are shown in Fig. 49. Up to
tensile strength values of 90,000 psi. and Rb 90, the temper
rolled material was harder than temper annealed material at the
same tensile strength, as would be expected. Above 90,000 psi.
the hardness differences between the two materials was negligible,
although this seeminglyv anomalous behavior can be observed as well.

In the present work the anomalous behavior was always observed.

This seemingly anomalous behavior could have been due to
differences in microstructure or the. excessive presence of chromium
carbides in the temper annealed stainless steel. Any explanation,

however, would te quite speculative.

The yield to tensile strength ratio is a measure of the amount
of plastic flow occurring in a material (3), i.e. a low value of this
ratio indicates a low yield strength followed by an ample range of pla-
stic deformation until necking commences at the tensile strength reading.
A hizh ratio indicates a yield strength close to the tensile strength,
with little capacity for uniform elongation. The yield to tensile
strength ratio for the temper rolled and temper annealed material
was plotted against tensile strength in Fig. 50. Up to about 200,000
psi., the yield strength to tensile strength ratio of the temper
annealed material was lower than for temper rolled material. Between
150,000 psi. and 200,000 psi., a considerable scatter of readings was
observed for both the temper annealed and temper rolled material. This
corresponded to the region of discontinuous yielding. Beyond 200,000
psi., the yield strength to tensile strength ratios were similar (about
0.9). Up to about 200,000 psi., therefore, the temper annealed material
was expected to have better cold fabrication properties due to the
greater plastic flow region. Beyond 200,000 psi., any possible improve-
ment brought about by temper annealing was considered negligible. This
can also be seen from Fig. 44, i.e. above about 200,000 psi., total

elongation readings for both materials became practically identical.
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E. Erichsen Testing

Representative samples of temper rolled and temper annealed
material were chosen forductility testing, using the Erichsen Testing
apparatus discussed in Section EE}D-B. The results are recorded
in Table zz:. The highly cold worked material failed by cracking
parallel to the rolling direction, with only a minor depth of
impression, as expected for heavily cold worked austenitic stainless
steel (60). On the other hand, it was not possible to fracture the
softer material, as this material work hardened sufficiently
during deformation to prevent failure at the maximum applied
load of 5,000 1bs.

Because of the machine limitations and also because earlier
workers in this field (1) found that Erichsen results conveyed
little information of value, it was decided not to proceed with

further Erichsen tests.



TABLE IX

Erichsen Test Results

Cold Depth of Applied
Reduction Impression Load
P4 in. 1b.
0 0.290 5,000%
0.300 5,000%
36.0 0.196 5,000%
0.195 5,000%
0.195 5,000*
68,2 0.160 5,000%
0.161 5,000%
73.5 0.800 2,250
0.105 3,100
0.105 3,075
79.5 0.105 2,950
0.110 3,250
0.107 3,250

* Did not fracture
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F. Metallography

Representative photomicrographs were obtained from both
temper rolled ( Fig.51 to Fig. 55) and temper annealed ( Fig. 56
to Fig. 60) specimens. Two magnifications were used, 220 X for
general examination and 330 X for better resolution of the

martensite phase.

1) Temper Rolled Material

In examining the temper rolled material, the electrolytic
etching time was 30 seconds, using a current density of one

ampere per square centimeter.

As annealed metastable austenitic stainless steel was temper
rolled, an increasing number of martensite plates were seen to form
(Fig. 51 to Fig. 53). These plates strongly resembled deformation
twins or slip planes, but X-ray results in the present work as well
as the results of many other workers (23,34,35,37,38,39,40) indicated
that this structure was in fact martensite. Beyond a tensile strength
of about 165,000 psi., i.e. over 40Z cold reduction, the metallographic
structure became indistinquishable (Fig. 54). Up to maximum cold
reduction of 807, i.e. 283,600 psi., the structure appeared to change
veryv little. Elongated bands, parallel to the rolling direction, were
all that could be observed (Fig. 55). As will be seen from the X-ray
results presented in the next section, considerable austenite was

still present, but it could not be detected metallographically.
2) Temper Annealed Material

When examining the temper annealed material, electroyltic
etching was only maintained for 5 seconds, except were otherwise
indicated. Any further etching completely obliterated the micro-
structure of most specimens. As oxalic acid etching is also a test
of corrosion susceptibility (51), this severe metal attack indicated

a loss of corrosion resistance in these specimens.
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In austenitic stainless steel, this probably corresponded to

chromium carbide( Cr23 C6) precipitation (34,35).

Selected micrographs of temper annealed material are
illustrated in Fig. 56 to Fig. 60. The banded microstructure,
characteristic of cold worked steel, was observed in all the
micrographs of the temper annealed materials. It was believed
that this structure was observed only due to the limitations of
the etching technique and was brought out at a consequence of
rapid carbide precipitation along slip lanes and grain boundaries.
This idea was tested by using a modified etching technique. The
specimen shown in Fig. 59¢ was heavily etched, reground slightly
on 600 grit carbide paper, and then repolished. Examination of
the structure after this procedure revealed, under 220X magnification,
only the most heavily etched regions. It was clear that the cold
worked grain boundaries, i.e. the elongated bands, and the slip
planes, were the most severely attacked. This rapid etching, i.e.
chemical attack, around the precipitated carbides would have
completely obscured any more ''delicate " structures, such as

recrystallized grains and annealing twins.

The microsranhs of an almost completely annealed material showed
much less chemical attack when exposed to the normal etching procedure
for temper annealed material, (Fig.60a and Fig. 60b). Most of the
carbides had already been redissolved. Optical examination also
indicated that the samples shown in Fig. 56 and Fig.57 were also less
severely attacked than the material which was annealed further, but
this is perhaps not very obvious from the photomicrograph presented
here. It is probable that at the short annealing times used for these
two samples, eg.l sec. or3 sec., the material only had a very short
residence time in the sensitization region, thus permitting only

minor precipitation.

Mechanical testing and X-ray diffraetion results indicated
that the temper annealed material was already partially recrystallized
when 150,000 psi. tensile strength was reached and should have been

completely recrystallized at 111,650 psi.
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This was far from obvious, however, when the present etching
techniques were used, and caused confusion during much of the
experimental work. In order to reveal the recrystallized grain
structure, the metallographic technique was slightly altered.
The specimen seen in Fig. 60 (111,650 psi. tensile strength) was
etched for a slightly longer than normal time, 20 seconds, and
the photomicrographs were obtained with the surface slighly
defocused. This revealed a fully recrystallized structure,
superimposed on the carbide-streaked background, (Fig. 60 c and
Fig. 60 d). The grains size observed was slightly smaller than
the grain size of the original annealed material prior to cold
work. Similar techniques were attempted with other specimens in
the temper annealed series, but it was impossible to reveal any
strain free nuclei of recrystallized austenite, as the chemical
attack around the carbides completely obliterated any grain

boundaries.

From the final sample it :can be seen however, that conventional
recrystallization did occur but, at the annealing temperatures used,
carbide precipitation was very severe, obscuring the metallographic
examination. This recrystallization could only be revealed by

X-ray analysis as described in the next section.
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a b
Tig. 51 Temper Rolled 301 steel 2.87 Reduction
Tensile Strength 102,500 psi.
Yield Strength 50,800 psi.
Uniform Elongation 557
Total Elongation 707

a b
Fig. 52 Temper PRolled 301 steel 11.47 Peduction
Tensile Strength 121,200 psi.
Yield Strength 76,400 psi.
Uniform Elongation LL7

Total Elongation 537



127

Fig. 53

Fig. 54

Temper Rolled 301 steel
Tensile Strength

Yield Strength

Uniform Elongation
Total Elongation

a

Temper Rolled 301 steel
Tensile Strength

Yield Strength g

Uniform Elongation
Total Elongation

20.07 Reduction
134,600 psi.
108,700 psi.
317
417

36.07 Reduction
165,800 psi.
135,000 psi.
1.27
207
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Temper Rolled 301 =teel
Tensile Strength

Yield Strength

Uniform Flongation
Total Flongation

20,07 Peduction
134,00 psi.
108,700 psi.
317
417

Temper Rolled 301 steel
Tensile Strength

Yield Strength .

Uniform Elongation
Total Flongation

36.07 Reduction
165,800 psi.
135,000 psi.
1.27
207



Fig. 55

a

Temper Rolled 301 steel
Tensile Strength

Yield Strength

Uniform Elongation
Total Elongation
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79.57 Reduction
283,500 psi.
250,200 psi.
1.17
2.67

Fig. 56

Temper Annealed 301 Steel 1 sec. at 850°C

Tensile Strength
Yield Strength
Uniform Elongation
Total Elongation

266,600 psi.

245,600 psi.
1.5%
3.6%
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a

Temper Rolled 301 steel
Tensile Strength

Yield Strength

Uniform Elongation
Total TFlongatiop

S
g
- -

.

70.57 Teduction

223,500 nsi.

250,200 psi.
1.17

2.F7

Temner Annealed 3N1 Steel
Tensile Strength

Yield Strength

U'niform Flongation

Total FElongation

1 sec. at 850°C
266,600 nsi.
245,600 npsi.,
1.57
3.67
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a , b
Fig. 57 Temper Annealed 301 Steel 5 sec. at 850°C.
Tensile Strength 233,800 psi. -
Yield Strength 215,400 psi.
Uniform Elongation 1.57%
Total Elongation 4,07

a b
Fig.58 Temper Annealed 301 Steel 12 sec. at 850°C.
Tensile Strength 173,500 psi.
Yield Strength 138,600 psi.
Uniform Elongation 1.57
Total Elongation 19.07



Fig. 57

¥ig .58

Temper Annealed 301 Steel
Tensile Strength

Yield Strength

Uniform Elongation

Total Elongation

Temper Annealed 301 Steel
Tensile Strength

Yield Strength

Uniform Flongation

Total Flongation

5

12

b

sec. at RSOOC.
233,800 psi.
215,400 psi,
1.57
4.07

sec. at RSOOC.
173,500 psi.
132,600 psi.
1.57
19.07%7
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Fig. 59 Temper Annealed 301 Steel 45 sec. at 850°C.

Tensile Strength 134,700 psi.
Yield Strength 89,000 psi.
Uniform Elongation 41.0%
Total Elongation 45,07
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Fig. 59 Temper Annealed 3N1 Steel 45 sec. at R50°¢.
Tensile Strength 134,700 nsi,
Vield Strength 20000 psi,
Uniform Elongation 41,07
Total Elongation 45,07

g -
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g

Fig. 60 Temper Annealed 301 Steel 900 sec. at 900°C
Modified Etching Technique

Tensile Strength 111,600 psi.
Yield Strength 44,100 psi.
Uniform Elongation 58.07
Total Elongation 68.37



Temper Annealed 301 Steel

Tensile Streneth
Yield Strength
Upiform Flongation
Total Floneation

an0 sec. at 00n°¢
Modified Ftching Technique

111,A0C psi.

44100 psi.
58.0n7
£8.37
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G. X-Ray Analysis Results

The 28 values found for the peak positioh of the austenite
and martensite phases are given here for easy reference.
111 ¥ 110°¢ 200¥ 200e¢ 220& 21le¢ 311¥ 2224 220 ¢
55.7°  56.5° 65.2° 84.6° 99.3° 111.2° 126.7° 138.0° 145.3°
From these positions, the lattice parameters of the two phases were

determined to be the following:

Austenite ( x ) a = 3.59% 8%

1l

Martensite a - 2.868 X

(ferrite equivalent o< )

These values were used in the calculation of volume percents of the

austenite and martensite as discussed in Sect. EY}6.

1) Temper Rolled Material:

The relative peal:r intensities of the reflections at different
amounts of cold reduction are presented in Table Z} The volume
percent austenite ( Vy %), of these same materials, calculated from
different peak comparisons, is presented in Table gi. In Fig. 61,
these calculated volume percents of austenite are plotted against
cold reduction. In order to more conveniently compare the properties
of temper rolled and temper annealed materials,in Fig. 62, the same

results were plotted against the tensile strengths of the specimens.

What is immediately apparent from the figures is that the
results fell'dnto two groups, the values using the 220 ¥ peak as
the austenite indicator giving considerably higher readings for
volume percent austenite. Results calculated én the basis of 200 &
and 3]J.x peaks were very consistent, up to about 35% cold reduction
(160,000 psi. tensile strength); further cold reductién produced cons-
iderable divergence of results, eg. at 637 cold reduction (200,000 psi.
tensile strength), the volume percent austenite could have varied from
157 to 48%. Beyond about 707 reduction (240,000 psi. tensile strength),
the results again converged, maintaining the same reading of about 17

austenite to full cold reduction of 80%.
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One explanation for this wide divergence of results could
have been the effeét of crystallographic texture on peak intensities.
As was indicated in Sec. IV-6, the rolling texture of austenitic
stainless steel at room temperature had (110) parallel to the rolling
plane (22,38,39). The (220 ¥ ) plane, thus, also became parallel to
the rolling plane when this material was cold rolled. A disproportion=
ately high number of planes would have had this orientation. Since the
x-ray beam was directed on this rolling plane, a high austenite analvsis
was expected if the ( 22()x ) reflection was used as an indicator of
austenite content (52). For this reason the (220 ¥ ) reflection

was eliminated from consideration as a basis for austenite calculation.

It will be recalled for:Sec. EY}6 that the annealing texture
of austenite stainless steel was of the " Brass Type", i.e. (113%¥)
parallel to the rolling plane (57). The intermediate anneal prior
to final cold reduction could have nroduced this texture, so that
any undistorted austenite grains would still have had this texture
and thus the use of this reflection would have given a high
austenite phase analysis. Durnin and Ridal maintained that the
austenite analysis, using the (113'¥ ) gave results that agreed
with magnetic analysis and that these higher index planes were
expected to be less affected by texture. Their materials, however,
did not have intermediate anneals after heavy cold reduction. The
material was hot rolled to the gauge desired prior to cold reduction

and the superimposed annealing texture would not have been observed.

The (200 x') peak has not heen reported to have been greatly
affected by the presence of rolling texture. For austenitic stainless
steel, cold rolled at room temperature, prior annealing texture

should not affect the (200 x ) reflection.

Durnin and Ridal observed that if the 211 e¢ peak was used for
phase analysis, the austenite content was always reported higher than
if the 200 peak was used for analysis. The same situation was also
observed in the present work. Another texture effect considered was

the rolling texture that could have been developed in the transformed

martensite phase.



As stated in Sect. i§}6 , body centred cubic metals have the (100)
plane oriented parallel to the rolling plane. Calculations involving
this plane might have given disproportionately high ferrite
(martensite) readings and therefore an incorrectly low austenite

reading. The effect, however, was expected to be minimal (22).

From the shapes of the curves in Fig. 61 and 62 it can be
seen that if attention is confined to those results obtained from
using the (200 ¥ ) reflections, an S=shaped curve is obtained. As
tensile strength was increased to about 140,000 psi. by cold
reduction, there was only a slight drop in austenite analysis. This
corresponded to the region where the stress-elongation curve was
smooth, without a sharp yield point, and characteristic of annealed

FCC material. The martensite needles were a minor component in
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the soft austenite matrix. Beyond this strength, the rate of austenite

content decrease increased sharply ( an indirect autocatalytic effect
(61)) and the austenite content decreased almost linearly to about
107 austenite at 220,000 psi. At this point the uniform elongation
effectively disappeared, as can be seen from Fig. 40 and Fig. 44.

If the (311 -1 ) peak had been used for analysis there would still have

been 307 austenite indicated at 220,000 psi. tensile strength. The

material would surely have had some ductility.

It was concluded from the previous discussion that the best
combination of peaks to give true austenite content was 211 & vs

200 ¥ , at least for temper rolled materials.
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TABLE X

Temper Rolled Material

Average Intensity Measurements ( Arbitrary Units )

Versus Per Cent Cold Reduction

Cold
Reduction 311 ¥ 211 o¢ 220 ¥ 200 o< 200 ¥
A

2.8 25.8 0.2 27.2 0.1 11.7
15.0 21.1 0.5 13.5 0.3 13.3
19.0 19.1 1.0 20.9 0.7 15.0
20.0 22.7 1.0 22.0 0.5 13.1
26.0 15.8 2.0 22.8 1.0 9.7
32.0 13.0 4.5 28.0 2.5 10.3
63.1 23.2 21.4 68.7 14.5 6.3
68.2 19.3 26.7 78.9 16.1 5.8
73.5 1 95.0 73.0 40.0 1

79.5 1 97.8 74 .4 43.2 1




136

TABLE XI

Temper Rolled Material

Volume Per Cent Austenite Determined by

Direct Comparison of X-Ray Diffraction Peaks

of Austenite and Martensite Phases

Versus Per Cent Cold Reduction

P = Tot/ Iy 211«/3113 211e/220 ¥ 213.&/’.200' 21]-:/311), 20M220120M2208
G = R¥Rge 1.18 0.549 0.862 3.28 1.529 2.400
100
V%= Volume Per Cent Austenite using different
14GxP peak comparisons
Reduction
%

2.8 99.0 99.5 99.0 99.0 99.5 98.5
15.0 97.5 98.0 97.0 95.5 97.0 95.0
19.0 94.0 97.5 94,5 89.0 95.0 90.0
20.0 95.0 97.5 94.0 93.0 96.5 91.5
26.0 85.5 95.5 85.0 81.0 93.5 80.0
32.0 71.0 92.0 72.5 61.5 88.0 63.0
63.1 48.0 85.5 25.5 33.0 75.5 15.0
68,2 38.0 84.5 20.0 27.0 76.0 13.0
73.5 1.0 58.5 1.0 1.0 54,5 1.0

79.5 1.0 58.0 1.0 1.0 53.0 1.0
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Fig. 61. Volume Percentage Austenite vs. Cold Reduction of
AIST 301 steel.

LET



(o)) ™ o
@] (@) @)

H
o

VOLUME PER CENT AUSTENITE
N
e

02”0‘/5" H A200o</3|; ¥

@2 «/200 { V 200e,/200

o 200«/220 {

\~s
-
-—

i | 1 1 i
20 140 160 180 200 220 240 260 2680
TENSILE STRENGTH , PSl.x 103

Fig. 62. Volume Percentage Austenite vs., Tensile Strength of
Temper Rolled AISI 301 steel

BEl



139

2) Temper Annealed Material:

When analysing the austenite content of temper annealed material
by x-ray diffraction, great divergence of results was again observed,
depending on the combination of peaks used for analysis ( Fig. 63).

Of the six peak comparison choices which existed for the interpretation
of austenite content, the following one was chosen as being the
closest to:-the truth: 211o<vs 200 ¥ as shown by the solid symbols

in Fig. 63. This was the same combination of peaks found most useful
in the calculation of austenite analysis in the temper rolled material.

The reasons for this cholice may be summarized as follows.

a) The (220 ¥) peak is heavily affected by rolling texture
and it was thus rejected (22, 52, 57),

b) The (113 ¥') peak is heavily affected by annealing texture
and was thus also rejected (22, 57).

c¢) The (2000¢) peak is eliminated from consideration as it was
affected by both rolling and annealind texture much more
than the (211e&X) peak, although the effect was expected to
be minor (22).

d) The (200¥) peak of austenitic stainless steel, cold worked
at room temperature, is not greatly affected by rolling or
annealing texture. This peak was, thus , used as the

augtenite content indicator.

All the above arguements emphasized the effect of crystallographic

texture, i.e. preferred oérientation, on the measured peak intensities

and the appropriate peak combination, 2110¢/200 ¥, was chosen on

this basis. It is proper to point out, however, that there was one

factor in favour of using the 311¥ peak for austenite analysis. The
sustenite content results, found by using this peak, corresponded

closely to the temper rolled data and since the mechanical properties

of temper rolled and temper annealed materials were similar, it would

have been expected that their phase analysis also be similar.

The data from whi¢h the above curves were derived are presented

in Table XII and Table XIII .
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TABLE XII

Temper Annealed Material

Average Intensity Measurments ( Arbitrary Units )

Versus Annealing Time

Annealing
Time In 311 ¥ 211 o< 220 ¥ 200 o< 200 §
Sec.
at 850°C
Run No. 2
0.1 14.0 3.5 7.0 0.1
0.1 12.5 5.6 6.2 0.1
10 3.3 4,5 11.0 4,2 0.2
15 4.5 1.7 14.5 1.0 0.2
30 3.6 1.4 16.9 0.8 0.4
45 5.1 0.8 '19.4 0.4 0.8
60 9.9 1.5 7.8 0.3 2.7
Run No. 4
300 - - - - -
at 900°c
Run No.5
300 26.2 0.0 28.2 0.0 12.2

900 29.0 0.0 31.1 0.0 14.2




TABLE XIII

Temper Annealed Material

Volume Per Cent Austenite Determined by Direct

Comparison on X-Ray Diffraction:. Peaks of

Austenite and Martensite Phases versus

Annealing Time
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Annealing

P =Te<
I3
Time in sec.
at 850°C 211e¢/311y 2110c/220y 211/200y 200“/311r 200“/2201200“/2007
G = R¥/Rek 1.18 0.549 0.862 3.28 1.529 2.400
Run No. 2 Volume Percent Austenite using different
peak comparisons - VyZ

0.5 31.0 0.5 0.5 24.5 0.5

1.0 45.0 1.0 0.5 37.0 1.0
10 38.0 82.0 5.0 19.0 63.5 2.0
15 68.0 94.0 15.0 56.0 90.0 9.5
30 69.0 96.0 25.0 59.0 93.5 17.5
45 84.5 98.0 55.0 79.5 97.0 46.5
60 84.5 90.5 67.0 90.0 9.0 77.0
Run No.4
300 93.0 98.0 81.5 97.0 99.5 97.0
at 900°C
Run No. S
300 100 100 100 100 100 100
900 100 100 100 100 100 100
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3) Back Reflection X-Ray Diffraction Analysis

In order to observe the degree of recrystallization in the
various specimens, back reflection X-ray analysis was performed.
The results of this analysis, in certain significant cases, were

as follows:

Fig. 64 - shows the features of a fully cold worked structure,
(807 reduction). Both austenite and martensite phase
diffraction rings disappeared into the background which
was largely due to fluorescence and scattered radiation.

Fig. 65 -~ shows an extensively cold worked structure, (687
reduction). Two diffuse austenite rings (311 ¥ and
222 ¥ ) and one diffuse martensite ring (220e¢)
were observed.

Fig. 66 -~ shows a specimen partially annealed to 149,000 psi.
tensile strength. Two continuous austenite rings
(311.x and 222 8’), considerably sharper than found
in Fig. 66, were observed. This sharpening was
presumably due to recovery in the cold workéd
structure. No martensite ring was observed, but
the (220 ©€) reflection was weak even in the hardened
condition.

Fig. 67 =~ shows a specimen partially annealed to 133,600 psi.
tensile strength. Two predominantly spotted
austenite rings were observed. This was characteristic

of an almost completely recrystallized austenite structure.

These x-ray films alided in the interpretation of the metallo-
graphic findings. A material of 133,000 psi. tensile strength appeared
as cold worked under the microscope, due to the heavy carbide
precipitation. In reality, considerable recrystallization had already

occurred as could te seen in Fig. 67 (also seen later in Fig. 69).
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Fig. 64 Back Reflection X-Ray Analysis

Temper Rolled 79.5%
301 Steel
Tensile Strength 283,600 psi.
Yield Strength 274,000 nsi.
Uniform Elongation 0.5%
Total Elongation 0.9%2

Fig. 65 Back Reflection X-Ray Analysis

Temper Rolled 68,27
301 Steel
Tensile Strength 214,200 nsi.
Yield Strength 195,600 psi.
Uniform Elongation 1.0%
Total Elongation 3.2%
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Fig. 66 Back Reflection X-Ray Analysis

Temper Annealed 301 Steel
30 sec. at 850°C.

Tensile Strength 148,600 psi.
Yield Strength 110,100 psi.
Uniform Elongation 30.0%
Total Elongation 41.07

Fig. 67 Back Reflection X-Ray Analysis

Temper Annealed 301 Steel
60 sec. at 850°C.

Tensile Strength 133,600 psi.
Yield Strength 79,500 psi.
Uniform Elongation 41,07

Total Elongation 48.07%
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4) Transmission X-Ray Diffraction Analysis:

In an attempt to determine the extent of preferred orientation
in some of the specimens, transmission X=ray analysis was conducted
using the same samples that were used for the back reflection

pictures illustrated in Fig. 66 and Fig. 67.

Fig. 68 - shows a specimen partially annealed to 149,000
psi. tensile strength., The specimen was observed
with the x-ray beam perpendicular to the rolling
plane. One continuous austenite ring was observed
(111 1(). One ferrite ring (110e< ) should have
existed within the (111 8’) circle, but it was

not observed.

Fig. 69a - showed a specimen partially annealed to 133,600
psi. tensile strength. The specimen was observed
with the x-ray beam again perpendicular to the
rolling plane. One spotted austenite ring was
observed (111 X ), indicating recrystallization,

but no obvious preferred orientation.

Fig. 69b - Shows the same specimen partially annealed to
133,600 psi. tensile strength, but-this time the
specimen was rotated 15° about the vertical axis
prior to being exposed to the x-ray beam. One spotted
austenite ring was observed (111 ¥ ), but again no

preferred orientation.

Virtually no texture was observed in any of the above samples.
Only very slight variations in intensity were observed around the
diffraction circle. This apparent lack of texture is surprising, since
a material annealed from a fully cold worked condition of 807, should
exhibit considerable annealing texture (22 p.568). Perhaps this
observation was due to some inadequacy of the technique emnloyed. Structural
changes could have occurred during the specimen thinning process or perhaps
the extreme'interior layers of the samples, thoses exposed by specimen

thinning, were the least affected by coldwork as well as subsequent

annealing.
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Fig. 68 Transmission X-Ray Analysis

Temper Annealed 301 Steel
30 sec. at 850°C.

Tensile Strength 142,600 psi.
Yield Strength 110,100 psi.
Uniform Elongation 30.07
Total Elongation 41.07

3

Fig. 59 Transmission X-Ray Analysis

Temper Annealed 301 Steel

a. - 60 sec. at 850°C.

Tensile Strength 133,600 psi.
Yield Strength 79,500 psi.
Uniform Elongation 41.07
Total Elongation 48.07% -
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5) Summary of X-Ray Analysis Results:

The film results suggested that the use of ( 200 ¥ ) peak
for austenite indication was the correct choice ( ¥Fig. 63). At
149,000 psi. tensile strength no recrystallization was observed.
The 257 austenite present at this strength level was less likely
to be ‘visible in the x-ray films than the 757 or 957 austenite content
indicated by the other comparisons. At 133,600 psi., a recrystallized
structure was observed ( Fig. 64), as would have been expected from
an indicated 707 austenite content. The solid symbol curve in Fig. 63
also reflected the rapid increase in recrystallized austenite as the
material was annealed from 149,000 psi. to 133,000 psi. tensile strength.

The volume percent austenite of temper rolled and temper
annealed material (calculated using the 211¢¢ to 200 ¥ peak comparison
in both cases) is indicated in Fig. 70. The difference between the
two curves is unexpected when it is considered that the more ductile
material (temper annealed) should have had more of the more ductile
phase (austenite) at a given strength level. The reverse is indicated
in Fig. 70. This might have been a factor in the previously mentioned
anomalous hardness effect ( Sect. j}d). Perhaps the stronger phase,
when in a stress relieved condition, is more ductile than the more

plastic phase when cold worked. ,
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H. Discussion of S. Adams' Model for Annealing in Light of the

Present Work.

A model describing the relationship between mechanical
properties of metals and the degree of cold work or ammealing was
developed by S. Adams concurrently with the present work. Adams'
treatment is reproduced in Appendix A and the findings were

summarized in Sect. I-C.

Adams attempted to estimate the mechanical properties of
metal sheet at various stages of temper rolling and at various
stages of temper aunnealing, using only the readily available data

of the fully annealed and fully hardened states.

His analysis is that of a two constituent structure, each
constituent having markedly different mechanical properties. The
data used, referred to, of course, to the annealed and fully cold
worked conditions of the same structural phase, i.e. no crystall-
ographic phase change was induced during work hardening. Only
normal necking was encountered in his work and thus the total

elongation was a predictable function of the uniform elongation.

In order to compare materials with widely varying mechanical

properties, the tensile strengths and elongations were expressed

in normalized form as discussed previously ( Sect. I-C), i.e.

1) Fs =8 - so 2) Fe = ((u)" ((u)l‘
se- 5o (Ldo- (b2

When normalized tensile strength, Fs was plotted against

normalized elongation, Fe, the temper annealing data was very
similar for a wide variety of materials ( Fig. 16). What did

vary considerably, however, was the temper rolling data.
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The key parameter was found to be Fs*, the normalized tengile

strength at which uniform elongation effectively disappeared

i.e. Fe= 0. The tensile strength is expressed as 4) Fs¥ =

(fu)o __So . The lower the value of Fs*, the greater was
St-So

the divergence between the temper rolled and temper annealed

curves and therefore the greater the benefits of temper annealing.

From equation (4) it can be seen that Fs* is reduced if:

1. ((u)o is small, i.e. annealed uniform elongation is small.

2. So/St is small, i{.e. rapid strain hardening

3. St is large, i.e. the effect is greater if the material is
heavily cold worked.

The material used in the present work, 301 stainless steel,

is characterized by:

a. Very large (€u)o and ( év)o : 0.57 and 0.73 respectively
b. Small So/St : 0.36
c. Large St : 283,500 psi.

These mechanical properties would have opposing effects on
Fs*. Two of the factors are '"favorable" for significantly increasing
ductility through temper annealing ( b and c¢). One factor 1is expected

to have a " detrimental' effect (a).

A comparison of the pertinent mechanical properties of the”
301 stainless steel, mild steel (3) copper (1), brass (62) and Al-Mg
Alloys (2) 1is given in Table XIV .

Mild steel is a material which shows good elongation improve-
ment after temper annealing and this is reflected in a low value
of Fs*, eg. about 0.25 when using ( éu)o and about 0.30 when using
( ef)o. On the other haddtough pitch copper is a material which
shows very little ductility improvement with temper annealing and
this is reflected in a high value of Fs*, eg. about 0.60 when
using ( €+)o.
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The Fs¥ value of Brass ( Fs* = 0.59) would predict a similar
small improvement in ductility with temper annealing. Judging from
the Fs* value of about 0.50, the improvement in properties for
aluminum alloys 575 and 54S produced by temper annealing is expected
to be better than for Brass - probably significantly so, btut
certainly not approaching that of mild steel. The experimental result
of these materials, as indicated in Fig. 1,2,3,4, confirm to the

above conditions.

In the case of 301 stainless steel, the experimental and
Theoretical Fs* values agreed very closely when (éu)o was used in
the calculation. The low Fs* value of 0.30 would predict good temper
annealing properties. This, however, was found not to be the case,
as was seen in Fig. 44 and 45. There were only modest ductility
improvements brought about by temper annealing. It must be recalled,
however, that at the tensile strength where uniform elongation
effectively disappeared, i.e. Fs*, discontinuous necking began. If
the Fs* is recalculated with the maximum tensile strength, St, being the

strength at the start of discontinuous necking, i.e. about 160,000

psi:
Fs* = = (é‘)o __So = 0,57 X 101,000 = 0,91
St-So 64,000

The expected ductility improvement would thus be even less than observed.

The theoretical and experimental values of Fs* calculated with
the use of (GT)O values do not agree very well. The theoretical value
of Fs* = 0,40 would indicate considerable possible improvement in

ductility with temper annealing. The experimental value of Fs* = 0.60

seems to reflect the actual modest improvement in mechanical properties.

In examining the Tensile Strength vs EuZ curve in Fig. 44, it
is seen that this partial annealing curve is shaped slightlv different
from those shown in Figs. 1,2,3,4. The drastic softening from
283,000 psi. to 215,000 psi., (about 1/3 of the strain hardening produced

during temper rolling) produced no increase in elongation at all.
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This would indicate that, at these high strengths, another softening
process, other than recovery or recrystallization was taking place.
Carbide precipitation was probably occurring, so that the strain in

the martensite was removed but no improvement in ductility was

observed because of the presence of the precipitated carbides. Total
elongation did not improve until :discontinuous yielding started to occur
below 215,000 psi. Uniform elongation was not improved until about
160,000 psi. was reached. It can be visualized from Fig. 44 that if

a normal annealing curve started at 283,5Q0 psi, instead of 215,000
psi.., a considerable improvement in ductility would have occurred, as

reflected in the Fs* value of 0.40.

It is impossible tc assess the value of S. Adams' annealing
model from the present experimental material. Here, in addition
to the processes of simple strain hardening, recovery, recrystal-
lization, and grain growth encountered in previous work (1,2,3),

following factors were added:

1. Crystallographic phase changes occurred during cold
reduction and annealing of cold worked material.

2, Carbide precipitation occurred during annealing.

3. Discontinuous yielding occurred during mechanical

testing in a range of tensile strengths.

The material used in the present work was thus a complex alloy,
yielding results which were difficult to accomodate to a theoretical
model. Stainless steels which would, perhaps, be easier to deal
with, from the theoretical point of view, would be AISI 304 or a
low carbon AISI 305, alloys which are stable at room temperature to
austenite decomposition and are less susceptible to carbide

precipitation.



TABLE XIV

Comparison of Critical Mechanical Properties of-

the Materials Discussed in Adams' Model for

Temper Rolling and Temper Annealing
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Mechanical 301 Mild Copper Brass Al-Mg Alloys
Property Steel Steel
(€d)o 0.57 0.29 0.30 * * *
(€u)r 0.01 0.01 0.01 * * *
(¢x)o 0.73 0.35 0.40 0.54 0.23 0.23
(€+)+ 0.02 0.02 0.02 0.03 0.05 0.05
So, psi 101,000 55,000 35,000 49,000 28,000 37,500
S+, psi 283,500 116,500 60,000 101,000 42,000 54,000
S 0.36 0.47 .58 .49 .66 .69
S*,p%i grio 210,000 73,000 50,000 80,000 35,000 49,000
Fs' Tu.(6ae  0.32 0.26 0.42 * * *
Fs* exe (wo 0.30 0.24 0.40 X * "
Fs* vu. (ende 0.40 0.31 0.56 0.51 0.46 0.53
Fs® exr. (€+)s 0.60 0.30 0.60 0.59 0.50 0.57

* Not Available.
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1. Some Comments in Retrospect

It was discovered during the course of this work that carbide
precipitation could not be avoided during temper cnnealing no matter
how quickly the sensitization range was traversed in reaching the
experimental temperature. Lower annealing temperatures, even in the
severely sensitization temperature range, could have been used. The
experimental conditions could thus have been more easily controlled;
the annealing times would have been in minutes, not in seconds as

necessitated by the high annealing temperatures in the present work.

An alternative annealing technique could have been used. Specimens
could have been held at the desired temperatures for, say, one hour, the
annealing temperatures being progressively increased from about 500°¢C
to 1000°C. Carbide precipitation would have occurred, of course,
but only the mechanical properties would have been of interest. If
these properties were found to be commercially useful, corrosion
resistance could be maintained by stabilizers like Columbium, in any

steel developed to make use of these properties.

Carbide precipitation probatly severely restricts grain growth.
As annealing temperature were raised from 250°C to 900°C, marked
softening was obtained, due, presumably, to greater austenite content
as well as a larger recrystallized grain size. If the annealing
temperature had been lowered to helow 85000, the effect of carbides
on grain growth and phase transformation would have been expected to

be even more marked.

Austenite/martensite phase analysis by x-ray diffraction
techniques proved very complex due to the great degree of preferred

orientation produced in the experimental specimens.

Magnetic analysis might have been usefully employed in

analysing specimens in the middle of the analysis range.
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The extent of discontinuous yielding, as experienced 1n this
type of stainless steel, is greatly affected by strain rate. A more
rapid strain rate could have, perhaps, completely eliminated discon-
tinuous yielding, thus producing normal necking. The data could have
thus been directly comparable over the full testing range. Necking
is also affected by the shape of the specimen, but in the present
work, the material was limited to flat strip, shaped to ASTM

specification E-8,

Any of the above suggestions might have made the experimental
technique easier, but it is doubtful if the results would have been
any more suitable for theoretical analysis, due to the complex
metallurgy of AISI 301 Stainless Steel. The examination of a more

stable steel would have been more useful.
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Section E

SUMMARY AND CONCLUSIONS
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VI SUMMARY AND CONCLUSIONS

AIST 301 stainless steel was cold reduced various amounts
up to 807, in order to obtain a full range of tempers for temper
rolled material. Material, which had been cold reduced 807,
was annealed at 850°C and 900°C for varying lengths of time to
obtain a similar range of tempers; this was termed temper annealing.
The mechanical properties of temper rolled and temper annealed
materials were compared and the results may be summarized as follows:
1. AISI 301 steel is characterized by very rapid strain hard-
ening, eg. 807 cold reduction increases tensile strength from 101,000
psi. to 283,600 psi. and increases yield strength even more spectacularly,
from 40,000 psi. to over 260,000 psi.
2. The rapid rate of strain hardening was due to the formation
of strain induced martensite during cold work.
3. Heavily rolled ( 807 reduction) material was temper annealed
at 850°C, a very high annealing temperature. Good reproducibility of
results was achieved over four separate runs. A few specimens were
annealed at 900°C for comparatively long holding times in order to
achieve more rapid grain growth, so that a grain size, approaching
that of the pre-cold worked state, could be achieved.
4. The rapid loss of strength, without a corresponding
increage in ductility, obtained by temper annealing of heavily
worked material, was believed to be due to carbide precipitation
from the martensite phase. This martensite subsequently changed
to the more ductile phase, austenite.
5. When testing both the temper rolled and temper annealed
materlals, three distinct stress- elongation curves were obtained:
a) A smooth curve, without yield point, characteristic of
annealed FCC material was observed up to about 140,000
psi. tensile strength ( Fig. 36).

b) Discontinuous yielding was observed in the range of tensile
strengths of about 140,000 to 200,000 psi.(Fig. 37).

e¢) A curve characteristic of brittle failure was observed

above 200,000 psi. ( Fig. 38).




6. Due to the occurrence of discontinuous vielding, the total
elongation was considered a misleading indicator of formability,
eg. at a tensile strength of 155,000 psi., the total elongation was
33%, while the uniform elongation was only about 17Z. The material

could not be considered ductile.

7. The temper annealed material showed a modest but useful
improvement in both total and uniform elongations when compared
to temper rolled material of the same tensile strength up to about
21C,000 psi. Although the absolute improvement achieved was only
157 of uniform elongation, the relative improvement was from 107
to 25Z uniform elongation, representing an increase of 1507Z. Beyond

210,000 psi. tensile strength, no improvement was found.
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8. Hardness is not a good indicator of ductility or formabilitvy.

It is however, a closer measure of tensile strength. In the present
vork, an anomalous hardness effect was observed. The more ductile
material ( temper annealed) was harder than the less ductile material

( temper rolled ) at the same tensile streﬁgth ( Fig. 48).

9. The yield strength to tensile strength ratio ( ys/ts) was
believed to be a good indicator of formability (3), a low ratio in-
dicating a large amount of uniform plastic flow available for
fabrication. The temper annealed material showed a lower ys/ts ratio

up. to about 180,000/200,000 psi. tensile strength.

10. Metallographic observations may be summarized as follows:
The martensite formed by cold work had the appearance of deformation
twins. Beyond 407 cold reduction, the structure became indistinct
and appeared as bands, parallel to the rolling direction. The temper
annealed material retained the banded structure. This appearance
was believed to he due to severe etching attack surrounding the
chromium carbide precipitates formed at grain boundaries and slip
planes during annealing. This severe attack obliterated the more

delicate structures, such as the boundaries of recrystallized grains

or annealing twins. Special etching techniques revealed recrystallized

grains, superimposed on the precipitate structure. But even this
observation was only achieved after the majority of the carbides were

redissolved.



11. The analysis of austenite volume percent was achieved
by using a direct comparison x-ray diffraction technique. The
intensities of the diffraction peaks were greatly affected by
both rolling and annealing textures, and this could not he completely
overcome by spinning of the sample. The 211 e /200 ¥ peak comparison
was decided upon as being suitable for the analysis of both temper
rolled and temper annealed material.

12. Using this peak comparison, it was observed that temper
annealed material contained less of the more ductile austenite
phase than temper rolled material of the same tensile strength. This
condition is unexpected since the temper annealed material was more
ductile at these same strengths.

13. Recrystallization of strain free grains was revealed
using back reflection x-ray diffraction and transmission x-ray
diffraction techniques. Optical metallographic techniques did not
reveal tliese new grains, except a highly advanced states of
recrystallization.

14. S. Adams predicted that temper annealing curves, when
expressed in normalized form, should be almost the same for a wide
variety of materials. The key parameter was said to he Fs*, the
normalized tensile strength at which uniform elongation disappears
with increasing cold work. A low value of Fs* for a material would
indicate significantly greater ductility in temper annealed material.
The most significant mechanical properties affecting Fs* were found
to be (6.)0, So/St, St. Uis analysis would permit the forecasting
of the mechanical nroperties of the full range of temper rolled and
temper annealed material from only the properties of their fully
annealed and fully hardened states. One property cannot fully predict
mechanical behavior, but a combination of properties expressed in the

formulas presented by Adams ( noteably Fs* = (é“)o So , can
St-So

successfully predict temper rolled or temper annealed tensile strengkhs

and elongations.

15. It was difficult, however, to evaluate the accuracy of Adams'

model for mechanical properties from the data of the present work.
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The material was too complex for meaningful comparisons with theory.
Crystallographic phase changes, carbide precipitation, and dis-
continuous yielding were observed in addition to the recovery,
recrystallization, grain growth, and strain hardening processes
investigated by Adams. A more simple system, such as AISI 304 L

or low carbon AISI 305 steel, would perhaps have been more useful
in.investigati,ﬁgthe effect of temper annealing on austenitic

stainless steel and consequently, the validity of Adams' model.
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Section VIT

SUGGESTIONS FOR FUTURE WORK
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VII SUGGESTIONS FOR FUTURE WORK

1. It would be useful to evaluate S. Adams' model more
thoroughly. The influences of the eritical parameters, i.e. (6“_)0,
so/St, St, on mechanical properties of temper rolled and temper
annealed material could be igsolated. A simple system should be
tested in order to avoid the problems encountered in the present work.
A potentially useful austenitic stainless steel for this investigation
would be 304L, perhaps cold worked at slightly above room temperature.

2. It is believed that Ferritic Stainless Steel ( AISI 446 or

muffler Alloys) ( 37 p.50) could be usefully partially annealed (17).
In these steels the total elongation im the annealed state ( é,)o

is about 257. S. Adams predicted that this elongation could be use-
fully improved. If ductility could be improved significantly, the
applications of this:comparatively cheaper stainless steel could
perhaps be increased. There are, however, very few data on the
mechanical properties of cold worked ferritic stainless steel (31,
36) but fabrication is known to be difficult. The metal is brittle

at room temperature. Its use has ,thus, been limited.
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THE ESTIMATION OF PROPERTIES OF PARTIALLY ANNEALED MATERIALS

Introduction

In many applications of sheet metal a balance between
strength and elongation or formability is required. The traditional
method of obtaining this is to partly work the annealed strip by
temper rolling to a degree that adequately strengthens without

destroying too much tensile ductility. A newer approach is to
partially anneal fully hardened sheet. Investigations of such
methods have been made at McGill for Mild Steel(2), Copper(3).
Aluminum alloys (4) and in association with Noranda for Brass (5).
It is always found that, for any attainable UTS partial annealing
gives greater elongations. The extent of the improvement depends
on the amount of rolling strain given before annealing and on the
material used. It is useful to be able to understand this and to
be able to make an estimate of the improvement likely before under-

taking extensive experimental work.

An attempt is made to do this in the present work. The problem
is essentially one of interpolation. The UTS, yield strength and
elongation are known for the annealed and fully work hardened sheet
and an attempt is made to estimate the properties for sheet that has
been less heavily worked or for sheet that been partially annealed
back from the fully hardened state. The latter is more impertant
since the properties at the various rolling tempers should be avail-

able.

Specifications in the sheet-metal industry are generally written
in terms of the Ultimate Tensile Strength (UTS) and the total elongation.
A clear idea of the physical meaning of these terms is important for

a discussion of the relationship between them.



During the plastic extension of a tensile specimen the
area contracts since the total volume remains constant. The load
on the specimen continues to increase as long as the rate of work
hardening is sufficlent to compensate for the decrease in cross

section. However a stage 1s eventually reached when the work-hard-
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ening is not sufficient. Any slightly thinner section of the specimen

will continue to thin-- uniform straining 1is restricted and deform-
ation is confined to the necked region. The value of the nominal
stress at maximum load is the "UTS'" and the strain to that point is
the " uniform strain'. With flat strip specimens a diffuse neck
can form at first and some further uniform strain occurs, as the
load decreases slightly (1), but eventually a sharp neck angled
across the specimen forms, and fracture occurs. At this stage

the metal is still ductile in the sense that it can be deformed

in compression; what is lost is the ability to strain uniformly

in tension. The strain to reach the UTS increases with the rate
of work-hardening i.e. with a decrease in the ratio of the proof
stress to the UTS. The uniform elongation, and also the total
elongation, in fact, measure the capacity to work-harden A very
ductile metal like lead shows negligible elongation when tested

in tension at normal strain rates. However for most metals the
formability, particularly in processes involving stretching
operations like deep drawing, correlates well with the elongation.

The total elongation is often measured, including the necking strain;

this is meaningful only i1f it correlates with the uniform strain.

2 RELATION BETWEEN UTS. AND ELONGATION

2.1 Temper Rolling

During the deformation, the true stress, 5', and the

natural stress are related by

g =f(€) cenl

The natural strain can be derived from the engineering strain,

€ by €=loge(l+€)



It 18 readily shown that -- eg. (8) —- the maximum in
the load on a tensile specimen occurs when

d5 . 5

dg Vo2

The point on equ. 1 defined by equ. 2. defines the true
stress and strain, S.. and €« , at the U.T.S,'S': see

fig. 1

Now SA o = A Su

where Ao and A are the original and current cross-sectional area;

by 'A'.

i.e. S= ;“exp (* Eu) = ;«/ (1+‘u) el

The necking point defined by equ.2 is marked on fig.l

If a specimen of annealed metal is prestrained by £, to

point "B', before A, unloaded, remeasured and retested the new

elongation is now.

Eu' = (Euo - Ep

The value of the stress at the necking point is unchanged but the

U.T.S. rises: see fig. 1

Once the prestrain, £p is larger thap the annealed uniform strain,

(€u)o , there is no uniform strain.

5': 5.. eXP('e:c)

the U.T.S at the point where’ the uniform strain vanishes.

when (E€u)o =Ep ie Eu =0
S= S* = §, = So (1+( fu)o)

Whkere Sois the annealed U.T.S.

prior to testing is equivalent to offsetting the stress-strain curve

It is reasonable to suppose that rolling an annealed sample

by an amount, 6’, that is some function of the rolling strain.

where

c €+

e.g. EP
€y = logg (Ti—'R-)

It is convenient to identify

167



168

where R is the fractional reduction in rolling.
As long as this equivalent:&,.is less than the annealed uniform strain,
the temper rolled material shows some uniform strain and the true
stress at the UTS is constant:-

Su= S(1+¢€u) = S exp(€u) = constant
Eu= (Eu)o-CEr

These relations provide a check on temper-rolling data. Such a
check is useful because it can be difficult to measure precisely
the uniform elongation at the necking point, particularly for flat
strip sprecimens where a sharn neck forms somewhat later than the
diffuse one representing the fulfillment of equation 1. Real
materials, also, continue to show a small amount of uniform strain
even after heavy prior deformation, presumably because of small

amounts of low temperature recovery.

In comparing a variety of materials it is useful to use

normalized UTS and elongation parameters, defined by:-

Fs = S -So
St-So
where §, So, ST’ are the UTS for the metal under test, the annealed

and fully hardened states respectively. Similarly

Fe = €u = ((u)‘r
(€u)o— (€u)r

The relationship between UTS and elongation is best displayed by

plotting UTS against elongation, or in terms of the normalized

somewhat extends the analysis

parameters, F_. vs FE. The use of F_,

S E
because, if the total elongation is some constant linear function of

the uniform elongation, the total elongations can be used to find FE.

After temper rolling
once FE = 0

Fg 2 Tt = (€wo . ___So

St-So

e (8)



Up to that point Fs = Fs* X 1-Fe by manipulation ...(5)
1—((“)01«‘E

The value of Fs at which F_, = 0 can be seen to be reduced for

E
decreasing So/ST and ( €u )o. However low values of So/ST for a

given reduction correspond to rapid strain-hardening i.e. to a
large value of ((,)o. Generally the uniform elongation vanishee
at lower values of FS if the total reduction is large and if the
rate of strain hardening factor, (So/St), or the annealed uniform

elongation, is small.

Divergenccs between the ideal and experimental curves can
be attributed to difficulties in measuring the uniform elongation
and to small amounts of recovery which lead to a more gradual
approach to FE = 0.

The relation between the rolling strain and the equivalent prior
strain must be determined experimentally. A useful general form

for the stress-strain relation is

&= ki (ke + (E+b +c ¥ETD") ... 6

The constants can be found from the annealed properties and from
the temper rolled data. When K2, b and €7 are zero this equation

reduces to the well known power law.

2.2. Partially Annealed Materials

If it is supposed that softening during annealing takes place by
recrystallization, a partially annealed metal is composed of a

mixture of work-hardened and soft recrystallized regions.

It is mechanically duplex and analogous to a duplex alloy. An
attempt can be made to estimate the properties of such a material.
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At some stage during a tensile test, after an overall
strain of € has been applied the load is the product of the

cross—-sectional area and the average stress , d , on it.

Accordingly the nominal stress = J X eXp -€) ...
The problem is to relate F to the stresses in the components as a
function of their relative amounts and of the strain applied.

Several assumptions must be made.

1. Individual regions of the soft and hard regions,
called &« and B » have the.mechanical properties of
bulk materials., In this case, using the stress-strain
relation equ.6, the average stress in the material is

related to the average strain

> ;.‘ = k.(kq. +( Eu "’b).“)

and for the material 4

Jp = kl(kz "’(E’ ""ef*b)”)

2. The areal and 1linear fractions of the components remain
unchanged during deformation, with no preferred orientation. On

any cross-section then the average stress is given by

§ = Vix +(1-v)3p

where V is the volume fraction of the annealed material.

3. A small increment in the overall strain is related to
the increments in the average strain in the &£ and A
by (c£.(6)) AE = VdEx + (1-V)dAEg
4, Finally some relation between E.‘ and Ep must be assumed.
Two suggestions have been made (6):
(a) equi-strain hypothesis: the strain in both components

is the same and differences in the hardness of the components

is dignored.
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(b) equi-stress hypothesis: the stress is the same

so that deformation occurs only in the soft component
until it work-hardens sufficiently. Continuity is
ignored and also the influence of neighboring regions
on one another.

(c) A form intermediate between (a) and (b) can be
suggested. The work done per unit volume is supposed
to remain constant so that hard regions deform less

than soft ones according to
AdEo S = AES- I8

(d) Experimental studies of duplex brass and Ag-Mg alloys

(7) have shown that for more than 307 by volume of the

hard component the equi-strain law, (a) applies. For less

than 30Z the strain in the hard phase is linearly related

to the total strain;

e Afg=dE LoV for V2 o070

0.30

Where V is the volume fraction of the soft component. Using
assumptions 1,2,3, and one of the forms of 4, the nominal stress at
increasing applies strains can be calculated and the maxium, i.e.

the U.T.S., found.

Computer methods were used to find the UTS. and uniform
elongation for different values of the material constants in Equ. 6.
In this way the expected behavior of hypothetical materials could
be studied. TFig. 2 shows the effect of modifying the strain
assumption (iv). Apart from the equi-stress law can in fact be rejected
as later comparison with experiment will show. For one thing,
the rapid drop of the ratio of the proof stress to the UTS with only

a small amount of recrystallization is not observed, experimentally.

Fig. 3 shows the partial annealing curves for two different
possible materials with two different initial reductions. The various
strain assumptions agree closely and these are not distinguisbed. It
is noteworthy that there is little difference in the partial annealing

curves for widely differing reductions and annealed elongations. This
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has been confirmed for a wide range of assumed values of the

constants in the stress strain law.
2.3 Comparison with Experiment

The UTS - elongation curves for some of the results of (2),
3), (4), (5), together with additional data of the present writer
for copper, are shown on Fig. 4. Fig. 5 shows these results and
others superimposed on a Fs Fe graph. They all lie closely together
confirming this aspect of the theory. On Fig. 6 a detailed comparison
is given for steel, using (2). The constants in the stress strain
laws were chosen to fit the annealed and fully hard results. It
can be seen that the analysis underestimates the elongation at
any given value of Fs. By making quite arbitrary assumptions
concerning the relations between strain in the hard and soft regions,
the agreement can be improved, tut some of the divergence is doubt-

less due to the influence of recovery as a softening mechanism.

A great deal of data has been obtained for the annealing
properties of metals and alloys, but most of it is not suitable
for the present purposes since hardress values were found. The
use of UTS - Elongation diagrams, rather than individual graphs
of UTS and elongation against time represents a very useful way
of following the course of annealing. The earliest use seems to
have been in (2). The normalized diagrams have the advantage of

being more compact.

3. Discussion

Although the theoretical and experimental partial annealing curves
do not agree well, they both..show that there is not a great
difference between the properties of different materials when they
are expressed in normalized form. The improvement given by partial
annealing is largest if the Fe figures for partial annealing and
temper rolling differ most for a given Fs' Over a range of materials
this difference will be most marked when the temper rolling curves
fall most rapidly, since the partial annealing curves are roughly

the same. The greatest improvement to be obtained by partial



annealing should be found when the elongation of the annealed
material is low and when there is a large amount of cold working

before partial annealing.

The partial annealing curves, for two extreme conditions
do differ to some extent -- Fig. 3. The computer Studies indicate
the higher values of strain hardening, or annealed elongation,
make the bend in the partial annealing curve sharper and the effects
of the extent of rolling before partial annealing is most apparent
at these high elongations. This tends to make even more certain

the conclusions of the preceeding paragraph.

As an example: it is possible that sfainless steel may be
useful partially annealed. Leaving aside metallurgical difficulties
concerned with carbide precipitation etc., it can be seen that since

the annealed @longation are very large ( up to 75%) the cold worked
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material is still ductile up to high reductions. Very high reductions

to produce aterial to use for partial annealing will be necessary,
if a significant improvement in ductility is to be achieved, --
this may involve practical difficulties.

On the other hand if the annealed elongation is low,
although a considerable relative improvement in the ductility is
possible by partial annealing, the absolute improvement may not
be large or significant —-- 27 elongation is four times %7 but 2%
elongation is probably not significant or useful. Between these
extremes the materials that may be usefully partially annealed
can be found. It can readily be seen why partial annealing is
more effective for mild-steel, with a relatively low annealed
elongation, than for brass, with a high annealed elongation. It
is to be expected that the most impressive improvements will be
found in materials with annealed elongations in the range 15-257
e.g. Al alloys and possibly ferritic stainless steels.

Fig. 7 shows the success of the prediction of temper-
rolled and partially annealed properties for steel. The temper

rolling curve was constructed using the annealed and fully hardened



values of U.T.S. and elongation, and the formula given in Section
2.1. Using the annealed and fully hardemed values and the results
of Section 2.2 an estimated partial annealing curve can be drawn.
Alternatively a more empirical approach may be used. A mean curve
for all known materials can be drawn from Fig.5 and this curve
used to construct the partial annealing curve. In all these

calculations the relations

S = Fs ( St-So) ~— So
‘u" Fe (( (u)o - (‘u)T) - (Fu)T

are used.

€ONCLUSIONS

It is possible to nredict the properties of temper-rolled
and partially annealed materials using only the properties of the
fully hardened and fully annealed material. The agreement with
experiment is quite good. The results may also be used to

estimate which materials may be most usefully partially annealed.
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