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ABSTRACT
The hot compression deformation behavior of Alloy 

22-13-5 was characterized for fine grain and coarse grain 
starting microstructures in the temperature range of 
850-1150°C, and the strain rate range of 0.01-1.Os”1.
The resulting flow characteristics were similar for both 
starting microstructures. Based on TEM of the deformed 
microstructures, the primary softening mechanisms were 
attributed to dynamic and metadynamic recrystallization.
The fine grain starting microstructure exhibited enhanced 
dynamic and static recrystallization. The strain rate and 
temperature dependence of the strain rate sensitivity for 
both starting microstructures correlated directly to the 
strain rate and temperature dependence of the degree of 
recrystallization. The effect of temperature on the 
microstructural changes during deformation was to vary the 
extent of recrystallization observable after deformation 
and to alter the characteristics of the deformed grain 
boundaries in terms of the half-wavelength of the serrated 
grain boundaries and the extent of precipitation. The room 
temperature hardness was determined to be strongly 
dependent on the degree of recrystallization, regardless of 
whether recrystallization occurred during hot working or 
annealing, and independent of starting grain size or 
thermal mechanical treatment.
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1.0 INTRODUCTION

1.1 Fundamentals of Hot Working
In recent years, the knowledge of the fundamentals of 

hot working has become of great importance to industry as 
more than eighty percent of all metals now undergo some 
type of hot working during processing (1,2,3). Hot working 
is desirable due to the low flow stresses and higher 
ductilities that result from large strains and high strain 
rates achievable from working at homologous temperatures 
greater than one-half the melting point (4). The 
interdependence of the various hot working parameters 
(strain, strain rate and temperature) on the basic 
deformation characteristics of a metal depends on the 
various deformation mechanisms. These mechanisms influence 
the characteristics of the microstructure and therefore the 
properties of the material (2,3,4,5). Consequently, it is 
essential to fully understand the basic fundamentals of hot 
working in order to determine the optimum processing 
conditions to meet industrial demands for higher strength 
materials.

1.2 Basic Hot Working Characteristics
Hot working is defined as the deformation of a material 

at or above its recrystallization temperature
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(approximately 0.6TM ), at a strain rate (typically 0.1 to 
lO^s”1) such that substantial restoration processes 
occur during deformation. Processes such as recovery and 
recrystallization allow the achievement of large strains 
(2-4) by the elimination of deformed microstructures and a 
subsequent decrease in flow stress (4,6,7).

1.2.1 Comparison of Hot Working Tests
The flow stress behavior and forgeability (ease of 

working) of a material provides information on the 
limitations of deformation of that material, as they are 
directly related to its hot working parameters, initial 
microstructure, and the deformed microstructure. The 
forgeability is also judged by the final properties which 
are dependent on the deformed microstructure and can be 
determined from material deformed in a production 
environment. However, this method is not timely or 
economically feasible. Therefore laboratory methods have 
been developed which simulate industrial processes (2). In 
the selection of a laboratory test, it is important to 
consider the stress states imposed and the conditions of 
friction, inhomogeneous deformation and non-uniform 
cooling. The ideal hot working experiment consists of a 
specimen which is deformed uniformly at a constant strain 
rate and temperature with a continuous measurement of
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stress (6,8,9). Also, rapid cooling must follow 
immediately after deformation in order to minimize 
modifications to the deformed microstructures by static 
recovery processes during cooling and thus allow 
metallographic analysis of the as-deformed structure.

Several experimental techniques have been employed in 
the study of high temperature deformation. Some of the 
more prominent techniques include: tension, compression
and torsion testing (2,10). These tests can provide 
various types of information such as; the relationship 
between hot deformation parameters and mechanical 
properties at the various test parameters, determination of 
ductility, analysis of microstructural changes during hot 
deformation, and analysis of the mechanisms of hot 
deformation for enhancement of forgeability (2).

The engineering tension test is widely available and is 
used to provide basic design information. However, the 
tension test is not suitable for hot working studies due 
the instabilities and fracture that occur at strains of 
10-30%. This limits the maximum strains that can be 
achieved and decreases the strain rate during the test 
(2,9). Also, the small dimensions of the necked region 
make it unsuitable for future microstructural analysis.
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The torsion test provides a fundamental measure of the 
plasticity of a metal by yielding a direct shear 
stress/shear strain curve which is more significant in 
characterizing plastic behavior than the true stress-true 
strain curve determined by the tension test. Also, large 
values of strain (on the order of 20) can be obtained 
without the complications of necking in tension or 
barreling due to friction in compression tests (9).
Torsion tests can be run fairly easily at constant or high 
strain rates. Difficulties arise, however, from the 
variation in stress across the solid, cylindrical test 
specimen which makes it difficult to measure the yield 
strength. Also, converting the test data into shear 
stress-shear strain curves is tedious. The converted 
curves are similar to tension or compression curves tested 
at the same strain rate and temperatures.

The compression test has diverse capabilities and is 
closely related to forging and rolling with relatively 
uniform deformation. Compression testing does not have the 
necking instability found in tension tests and is better 
than torsion testing for microstructural examination. 
However, friction between the specimen and platens must be 
controlled or greater deformation in the midsection of the 
specimens will occur due to barreling in the specimen. The
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friction at the specimen to platen interface can be 
minimized by using smooth, hardened platens, and grooving 
the ends of the specimen to retain an effective lubricant. 
With these techniques, it is possible to reach strains up 
to 1.0 with minimal barreling. For this thesis, the 
compression test was chosen for its simplicity and 
suitability for hot working studies due to its close 
relation to the stress system found in most deformation 
processes.

1.2.2 Flow Curves
Independent of the type of hot working test, the flow 

curves are similar and reflect the major deformation 
mechanisms that occur during hot working. Under hot 
deformation conditions, there are two basic types of 
stress-strain curves. If dynamic recovery proceeds 
rapidly, the flow stress increases up to a steady state 
determined by the balance between the accumulation of 
dislocations (due to the increase in strain) and the 
elimination of dislocations (due to recovery). The flow 
curve exhibits either an increasing or constant flow stress 
without dynamic recrystallization. This type of curve is 
typical of high stacking fault energy materials such as 
Aluminum (Al) and ferritic steels.
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In metals of low to medium stacking fault energies 
(Copper (Cu), Nickel (Ni), austenitic steels), recovery 
proceeds more slowly and the dislocation density can attain 
a sufficiently high value to initiate dynamic 
recrystallization. In this case, the stress strain curves 
exhibit characteristic maxima followed by steady state 
regions. The steady state region is due to the 
distribution of various stages of recrystallization, from 
recently recrystallized, to a critically hardened 
substructure in which nucléation once again takes place 
(2,3,4,10,11). At low stresses and high temperatures, the 
curves may go through several maxima prior to the 
attainment of steady state.

1.2.3 Dynamic Recovery
When recovery starts during plastic deformation, 

dynamic changes in dislocation configurations take place.
In the absence of dynamic recrystallization, dynamic 
recovery is the sole mechanism for the annihilation of 
dislocations during work-hardening. As a consequence of 
dynamic recovery, the work hardening rate during hot 
working is substantially less than cold working.

The primary dynamic recovery softening mechanism is 
thermally activated climb of dislocations. This requires 
temperatures high enough to allow rapid vacancy migration
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and corresponding rapid diffusion controlled dislocation 
climb. In addition, thermally activated crossslip of screw 
dislocations is promoted. With additional strain, the rate 
of dislocation climb increases due to the increase in 
vacancy concentration. The ease of dislocation movement 
allows the dislocations to easily by-pass obstacles and 
travel greater distances to stress fields of dislocations 
with which they combine and form subgrains. The formation 
of subgrains effectively decreases the average strain 
energy associated with the dislocations. This leads to the 
steady state region of the flow curve in which nucléation 
of additional dislocations due to increased strain and the 
annihilation of dislocations become equal. The resulting 
constant dislocation density is displayed by the constant 
subgrain size and subgrain misorientation. This suggests 
that the subboundaries migrate during deformation at low 
strain rates. At higher strain rates, the substructure can 
remain equiaxed only if the individual subgrains are 
perpetually in a state of annihilation and reformation such 
that the spacing of the walls remains constant.

If the temperature is increased or the strain rate is 
decreased, the dislocation mobility increases, effectively 
decreasing the flow stress required to achieve the same 
strains. This results in a larger spacing between the
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subboundaries, since the dislocation mobility extends the 
range of each boundary stress field.

The role of dynamic recovery is not the same in all 
metals. Dynamic recovery occurs mostly in metals with high 
stacking fault energies. The higher the stacking fault 
energy, the closer the separation between the partial 
dislocations and the narrower the stacking fault. The 
partial dislocations move as a unit, maintaining the 
equilibrium width of the faulted region. Therefore, the 
closer the width of the stacking fault, or the higher the 
stacking fault energy, the increased ability for crosslip.

1.2.4 Dynamic Recrystallization
When recovery is minimal and crossslip decreases, the 

dislocation substructure becomes sufficiently dense and 
inhomogeneous and dynamic recrystallization occurs with the 
nucléation of new grains. This results in the termination 
of the strain hardening region and leads to subsequent flow 
softening. In metals which undergo dynamic 
recrystallization, a dislocation substructure develops in 
the initial stage of deformation, which results in poorly 
developed, less uniform subboundaries (in terms of 
subboundary spacing and dislocation density) which are 
poorly recovered.
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The phenomena of multiple and single peak flow curves, 
which accompany dynamic recrystallization, are due to the 
difference in strain energy in front and behind the 
advancing grain boundary and the increased effectiveness of 
grain boundary pinning. At low strain rates, evidence 
indicates the nucléation occurs by bulging of existing 
grain boundaries (3). The gradient of strain energy from 
the center of the recrystallized grain to the advancing 
boundary is low and the region behind the advancing grain 
boundary is relatively free of dislocations. As a result, 
the driving force for recrystallization is due to the 
difference in dislocation density on opposite sides of the 
boundary, and therefore the rate of migration is not 
enhanced by continuing deformation. As a result, 
recrystallization proceeds to completion during the test, 
resulting in a decrease in flow stress. The center of each 
grain is in a deformed state and is not as soft as a 
statically recrystallized grain of the same grain size.
Once dynamic recrystallization is complete, the dislocation 
density builds up again, increasing the flow stress until 
recrystallization is nucleated again. This results in 
multiple peaks in the flow curve as the process is 
repeated.

At high strain rates a fine, tangled dislocation 
substructure is generally developed throughout the grain
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which leads to an increase in nuclei within each grain
(5,12). Several distributions of various substructures 
such as subgrains, fine dynamically and statically 
recrystallized grains and large, straight dislocation 
boundaries have been shown to develop at high strain rates 
on a precipitation hardened austenitic stainless steel, 
JBK-75 (13). Compared to the low strain rates, the 
gradient of total strain energy from the center of the new 
grain to the advancing boundary is high, resulting in high 
dislocation densities just behind the advancing boundary. 
Before recrystallization is complete, the dislocation 
densities at the center of the recrystallized grains have 
increased sufficiently to create another cycle of 
recrystallization. It is this distribution of the 
dislocation substructures which maintains the constant flow 
stress (12). Therefore, dynamic recrystallization is 
important not only for reducing flow stress but for 
refining the grain size and improving ductility (2,3,4,11).

1.2.5 Metadynamic Recrystallization 
The relationship between static and dynamic 

recrystallization is also of importance in industry, as the 
time between passes, (i.e. rolling, forging) can be 
sufficient at high enough temperatures to allow for static 
recrystallization before the next forming operation.
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When high temperature deformation is halted during 
dynamic recrystallization, many dynamically formed 
recrystallization nuclei are already present within the 
material. The dynamic nuclei are formed in areas of high 
lattice energy such as grain boundaries. These nuclei 
allow the completion of recrystallization within the 
partially dynamic recrystallized grains without the 
incubation period normally required for static 
recrystallization. This softening process is known as 
metadynamic recrystallization and proceeds rapidly upon 
termination of deformation. Static recrystallization can 
still take place in regions where dynamic nuclei are 
absent, if the time after deformation and temperature are 
sufficiently high.

At high temperatures, the grains formed during dynamic 
recrystallization are finer than those of metadynamically 
recrystallized grains due to continuing deformation 
generating further nuclei. At low temperatures, the 
metadynamic grains are finer than the dynamically 
recrystallized grains due to the potential nuclei that are 
rendered ineffective due to continued deformation.

Metadynamic recrystallization occurs an order of 
magnitude faster than classical static recrystallization 
(3). Therefore, allowances should be made during 
processing for the structural and mechanical modifications
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associated with metadynamic recrystallization, if dynamic 
recrystallization is know to take place.

1.2.6 Microstructural Effects
The initial microstructure of the material can greatly 

affect the dynamic recrystallization kinetics and therefore 
the behavior of the material during hot working (5,11).
This is a consequence of the number of pre-existing grain 
boundaries that constitute the principle nucléation sites 
for dynamic recrystallization, and is reflected in the 
grain size dependence of the additional strain required to 
attain steady state or smooth, stress-strain curves, once 
the peak flow stress is exceeded (11). The critical strain 
required for the initiation of dynamic recrystallization 
and the strain for the peak stress is reduced for a finer 
grain size, effectively increasing the work hardening rate
(11,12). However, the equilibrium grain size, which is 
the average of grains nucleated at different times, is 
independent of initial grain size and the imposed strain, 
which is defined by the temperature, strain rate and 
composition (11,12).

The concentration and segregation of dissolved 
impurities and the size, distribution, strength, and 
spacing of any second phase particles also have strong 
influences on the flow stress, by inhibiting or enhancing
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the dynamic processes (2,14). In general, solute additions 
lower the stacking fault energies and provide a drag on 
moving grain boundaries, thus effectively inhibiting 
dynamic recovery. As a result, the stored energy increases 
within a grain and dynamic recrystallization is promoted. 
Solute atoms may also retard nucléation by slowing grain 
boundary migration, resulting in higher deformation 
temperatures for the attainment of steady state flow 
(3,14).

Small, shearable second phase particles may enhance the 
formation of substructure, whereas small strong second 
phase particles or dispersed second phase particles tend to 
serve as anchors to subboundaries, stabilizing the 
substructure, increasing the flow stress and delaying 
dynamic recrystallization (3).

Precipitates that form during deformation nucleate on 
subboundaries and serve to stabilize substructure. The 
fine precipitates delay dynamic recrystallization to higher 
strains by inhibiting nucléation or by pinning high angle 
grain boundaries.

Large second phase particles can be broken up during 
deformation and can subsequently undergo rapid coarsening. 
Their effectiveness in retarding dynamic recrystallization 
is sustained only if they are replenished by decreasing the 
temperature. Large particles can also give rise to high
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stress gradients containing small, highly misoriented 
subgrains which lead to the formation of dynamic nuclei 
which aid dynamic recrystallization.

1.3 Hot Working of Austenitic Stainless Steels
As discussed previously, alloying can alter the dynamic 

softening kinetics and therefore alter the resulting 
microstructures and mechanical properties. Therefore, the 
increased demand for higher strength stainless steels to 
withstand increasingly severe conditions in the chemical 
and energy production industries promoted an upsurge in the 
development of new grades of stainless steels by varying 
the composition and crystal structure.

Stainless steels are alloys of iron (Fe) with greater 
than 10% chromium (Cr). They range from materials at the 
low Cr end with corrosion resistance moderately above that 
of plain Carbon (C) steels, to highly alloyed steels with 
significantly higher corrosion resistance.

There are four basic classifications of stainless 
steels: martensitic, ferritic, austenitic and duplex.
Martensitic stainless steels are hardenable by heat 
treatment and useful in applications where high strength or 
hardness are required with moderate levels of corrosion 
resistance. Ferritic stainless steels are non-heat 
treatable and account for approximately 2 0-3 0% of stainless
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steel consumption (15). Traditionally, ferritic stainless 
steels have been utilized in applications where high levels 
of corrosion resistance are not required. Duplex 
austenitic/ferritic steels are being developed as 
proprietary alloys for use in highly corrosive 
environments. The duplex structure is resistant to the 
form of chloride stress corrosion cracking in which 
austenitics are susceptible and have been applied in 
environments where stress corrosion is a problem.
Austenitic stainless steels are the most important group of 
stainless steels representing 7 0% of the world's 
consumption of stainless steel wrought products (15). 
Austenitic stainless steels are non-heat treatable, but can 
be hardened by cold working and have excellent corrosion 
resistance.

1.4 High Nitrogen Stainless Steels
In the past decade, the most important innovation for 

austenitic stainless steels has been the use of nitrogen 
(N) additions to produce steels with a combination of 
higher strength and improved pitting resistance. In the 
conventional 300 series of austenitic stainless steels, Ni 
is the major austenitizing element. However, Ni shortages 
promoted the use of other austenitizing elements, such as N 
and C. Carbon, however, has a detrimental effect on
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corrosion resistance, whereas N does not. This led to the 
development of the 2 00 series of stainless steels where Mn 
was added to stabilize the austenite against transformation 
to martensite and increase the N solubility in the liquid 
and solid phases. Research has shown that the effect of N 
alone or in combination with Mn yields: higher tensile
strength without loss of ductility, good wear resistance, 
good toughness down to cryogenic temperatures and lower 
costs than Molybdenum (Mo) grades (15). The addition of N 
is typically 0.2-0.3%, although higher levels have been 
obtained by increasing the Mn or Cr content.

The features of the N strengthened austenitic stainless 
steels have enhanced the development of the N containing 
steels. High N stainless steels are now being considered 
for special applications where high strength and corrosion 
resistance are required at both elevated and cryogenic 
temperatures.

One of the alloys being developed for such applications 
is Alloy 22-13-5. Alloy 22-13-5, also known as Nitronic 
50, or ATSM designation XM-19, is a high nitrogen, low C 
austenitic stainless steel with Mo, niobium (Nb) and 
vanadium (V) added to increase the strength, corrosion 
resistance and provide grain refinement. Alloy 22-13-5 has 
corrosion resistance greater than Types 316, 316L, 317, and 
317L with approximately twice the yield strength at room
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temperature (16-20). Alloy 22-13-5 is also exceptionally 
stable and resists martensitic transformation due to cold 
work, therefore maintaining low magnetic permeability 
(16-20).

Major market areas for Alloy 22-13-5 have been the 
pyrochemical, chemical, pulp and paper, textile, food 
processing and marine industries. Recently, Alloy 22-13-5 
has been considered as a major development alloy for large 
superconducting magnets due to its excellent strength at 
cryogenic temperatures and low magnetic permeability 
(16,19,20).

1.5 Low Temperature Property Correlation to Hot
Working

The development of alloys for good combinations of 
strength and toughness at cryogenic temperatures is limited 
to the forgeability tests adaptable and reliable at 
cryogenic temperatures. However, prior studies by the 
Fracture and Deformation Division of the National Bureau of 
Standards on hot rolled type 3 04LN and 316LN stainless 
steels has shown that the 4 K yield strength and fracture 
toughness, KjC (calculated from J-integral measurements), 
varies with finishing temperature during hot rolling (21). 
These results are schematically shown in Figure 1. For 
most austenitic stainless steels, a direct increase in





T-3395 19

fracture toughness would be anticipated with a decrease in 
strength, and therefore the behavior in KjC shown in 
Figure 1 was unanticipated. It has been suggested that 
this behavior is a function of the metallurgical variables 
such as grain size, substructure, and inclusions, which can 
be controlled during final hot working. Therefore, as 
outlined in the following section, this work was proposed 
to correlate the microstructural development Alloy 22-13-5 
with the various hot deformation parameters in order to 
optimize room and low temperature strength and toughness.
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2.0 EXPERIMENTAL DESIGN
As summarized earlier, a previous study (21,22) on 

austenitic stainless steels has shown that the cryogenic 
temperature fracture toughness varies systematically with 
the final temperature during hot working. However, the 
study did not correlate the high temperature deformation 
induced microstructure with the various hot deformation 
parameters. Therefore, this study was designed to 
systematically evaluate the microstructural development 
during hot deformation of an austenitic stainless steel.

A high nitrogen austenitic stainless steel, Alloy 
22-13-5, which has shown promise as a material for 
cryogenic applications (16-18,23,24) was chosen for this 
study. The alloy has a nominal composition of 22% Cr, 13% 
Ni, 5% Mn, and .3% N (in weight percent). All tests were 
performed on a high temperature compression system 
evaluating: strain, strain rate, test temperature,
starting microstructure, and hold time after deformation. 
This study will be the basis for future work which will 
allow the production of a range of microstructures through 
various hot rolling schedules in order to optimize room and 
low temperature properties.

The as-received stock was characterized by light 
microscopy and an initial solution heat treatment study ' 
performed in order to determine the starting
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microstructures. À hot deformation compression matrix 
designed to span the strain rate-temperature ranges 
normally observed during hot working, was then completed at 
a strain of 1.0, five temperatures (850, 925, 1000, 1075, 
1150°C) and three strain rates (0.01, 0.1, 1.0 sec"1).
A recrystallization study was also completed for four hold 
times after deformation (8, 32, 128, 512 seconds) to 
determine the recrystallization kinetics after hot 
working. The deformed microstructures were then 
characterized in terms of grain size and percent 
recrystallization and correlated to the mechanical 
properties, 0.2% offset yield stress and peak yield 
stress. Other parameters such as strain rate sensitivity 
and activation energy were also determined to correlate the 
various test parameters.
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3.0 EXPERIMENTAL PROCEDURE

3.1 Analysis of As-Received Material and Solution Heat
Treatment

A wrought bar, 76.2 mm in diameter, of Alloy 22-13-5 
was received from Carpenter Technology Corporation with the 
composition summarized in Table 1. Extensive light 
metallographic analysis and hardness testing of the bar in 
the as-received condition and after a series of heat 
treatments were performed. The metallographic analysis 
utilized a variety of etchants and preparation procedures 
summarized in Table 2. Each etchant reveals different 
details of the microstructure. Throughout this study, 
comparisons are made between the microstructures of the 
same sample prepared with the different etchants.

Metallographic and compression samples were machined 
from bar sections with the sample orientations shown in 
Figure 2. The samples for the metallographic analysis were 
removed from the center, mid-radius and surface regions of 
19 mm x 76.2 mm disks. All compression samples were 
machined from the mid-radius position of 19 mm x 76.2 mm 
disks with the compression axis parallel to the 
longitudinal axis of the bar.

Quantitative metallographic measurements of grain size 
were obtained by the mean intercept method (6) and the
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Table 1: Composition summary of Alloy 22-13-5 in weight 
percent. Heat number 54134. Source:
Carpenter Technology Corporation.

Allov Wt. Perc
Fe 57.5
C 0.027
Mn 5.18
Si 0.33
P 0.025
S 0.001
Cr 21.52
Ni 12.38
Mo 2.32
Nb 0.21
V 0.18
N 0.31
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CENTERTRANSVERSE

MID-RADIUS
-SUR FA CELONGITUDINAL

Figure 2: Metallographic and compression sample locations from a disk
of the as-received wrought bar of Alloy 22-13-5.
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quoted grain sizes were calculated from the equation, 
D=3/2*Nl (1)

where NL is the mean number of grain boundaries per unit 
test line length. This method makes no assumptions 
concerning grain shape and size distribution.

Metallographic coupons, approximately 12.7 mm x 12.7 mm 
x 19 mm were heat treated in a vacuum of 1 x 10-5 torr in 
an ABAR 90 furnace controlled to +5°C. The 
time-temperature matrix for the heat treatment study is 
presented in Table 3. Based on the metallographic analysis 
of the heat treated samples, two heat treatments were 
chosen for the compression study: 1050°C for one hour,
to produce a "fine grain" structure, similar to the 
as-received grain structure, and 1163°C for 8 hours, to 
produce a "coarse grain" structure. The microstructures 
produced by the two heat treatments are shown in Figure 3. 
Bar sections were heat treated in the ABAR 90 furnace prior 
to machining the compression samples.

3.2 Mechanical Testing
The compression samples were machined to the dimensions 

shown in Figure 4, with a recessed lubricant retention 
cavity on each end. All compression testing was done on a 
55 KIP MTS load frame Series 810. The system has fully 
automated controls with a LSI 1123 Central Processing
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Table 3 : Solution heat treatments for the Alloy
22-13-5 annealing study.

Time (hours)
_1_______ 2______ 4______ 8_____ 16

Temperature f°C)
1065 XX
1113 XX XX XX XX XX
1163 XX



Figure 3: Microstructures of the a,b) fine grain and c,d) coarse grain
samples of Alloy 22-13-5. Arrows point to second phase 
stringers (a), precipitates on grain boundaries (b), prior 
grain boundaries (d), and microstructural banding (c). 
Ammonia persulfate etch.
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2.7 -.03 mm
2.54 ±.03 mm 

1.27 ±.03 mm .25 -.01 mm

19 ±.03 mm

.018 ±.01 mm

Figure 4: Dimensions of compression samples used in the hot
compression study of Alloy 22-13-5.



T-3395 30

Unit. Software was developed to control the deformation at 
a constant true strain rate up to 5 sec”1. The program 
assumed constant volume and uniform deformation. In 
addition, the program accounted for load train elasticity- 
determined by compression testing at various temperatures.

Engineering stress, engineering strain, true stress, 
and true strain were calculated with the following 
equations for compression:

engineering stress, s=P (2)
Ao

engineering strain, e=LQ-L (3)

Lo
true stress, a=s(1-e) (4)
true strain, e=ln(l-e) (5)

where: P, Load
Aq, Initial area 
Lq, Initial length 
L, Final length

The test system was equipped with a three zone
clamshell resistance furnace, model no. 2961, from Applied
Test Systems (ATS), Inc., capable of achieving 1204°C
shown in Figure 5. The three zones are controlled
independently by an ATS series 230 controller. A 2 5.4 mm
diameter quartz window allowed for proper placement of the
sample thermocouple and to observe deformation.

The compression tooling is also shown in Figure 5.
Silicon nitride platens from GTE Vairon were used as the
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flat compression dies. The platens were machined to the 
following dimensions : 69.85 mm in diameter by 31.75 mm
thick, with a 8 micron finish and ends parallel to within 
0.13 0 mm. The platens were supported by Astroloy columns 
which were hollowed out via EDM to reduce the heat loss 
through the compression columns.

3.3 Compression Testing Procedure
Prior to testing, the furnace, with compression platens 

in place, was preheated for approximately 2.5 hours. Each 
compression sample was coated with glass lubricant in the 
recessed cavity and installed on the platens with the aid 
of centering tongs. Three glass lubricants, obtained from 
Achesion Colloids Co., were used. Each lubricant possessed 
a specific operating temperature range as summarized in 
Table 4. The choice of lubricant depended directly on the 
manufacturer's recommended working temperatures. Prior to 
testing the samples were preheated for 10 minutes.
Previous studies (25,26) on similar size compression 
samples with imbedded thermocouples showed that the samples 
reached test temperature in approximately four minutes.
The temperature variation across the platen was determined 
to be +5°C (25). Prior to compression testing, the 
samples were preloaded to a stress of 7.4 to 9.9 MPa with 
the displacements measured to + 20 mm with a Linear
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Table 4: Manufacturers suggested working temperatures 
for Deltaglaze lubricants from Product Data 
sheets, Acheson Colloids Co.

Lubricant Temperature. °C (°F)

Deltaglaze 93 700-870 (1350-1600)
Deltaglaze 349 870-980 (1600-1800)
Deltaglaze 347 980-1150 (1800-2100)
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Variable Differential Transducer (LVDT). After compression 
to the desired strain, the clamshell furnace was opened, 
the sample removed and water quenched. The average time 
required from the end of the test to the quenching 
operation was 2.7 seconds with a standard deviation of 0.6 
seconds.

All load and displacement data was stored by the CPU 
with a sampling rates of 101, 10 and 1.0 per second for the 
hot compression strain rates of 0.01, 0.10, and 1.0 per 
second, respectively. From this information, the resulting 
true stress versus true strain curves were plotted. The 
0.2% offset yield stress and the peak flow stress were also 
determined by the computer. True stress at true strains of 
0.2, 0.4, 0.6, 0.8, and 1.0 were also obtained to allow for 
further data analyses.

The effect of strain rate was quantified by evaluating 
the effects of microstructure, temperature, and strain on 
the strain rate sensitivity, m, by the following equations : 

a =cèm (6)
m=ln(a1/a2) (7)
Infêi/cg)

At a constant test temperature, o is the flow stress at a 
constant strain and C is a material constant. At each 
temperature, two strain rate sensitivities were calculated; 
one between the lower two strain rates of 0.01 and
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O.ls”1, designated in(L) and one between the higher two 
strain rates of 0.1 and 1. Os”1, designated in(H) .

The effect of temperature on the deformation behavior 
was characterized by the determination of an effective 
activation energy for high temperature deformation 
processes. The relationship between the strain rate and 
temperature at a constant flow stress was expressed by the 
Arrhenius-type equation:

a =A ê exp(-Qapp/RT) (8)
where : Qapp is the apparent activation energy for high 
temperature deformation processes and R is the gas 
constant.

From this equation, the equation for activation energy
was derived to be:

0=-R ( A In a) (9)
(A (1/T)

This equation was applied by plotting In ê vs peak flow 
stress and stress at strains of 0.6, 0.8, and 1.0 for the 
five temperature ranges. The resulting plots showed 
linear relationships in which the strain rate pairs were 
extrapolated to obtain data at a constant stress between 
two temperature ranges.

3.4 Analysis of Deformed Samples
After testing, all compressed samples were sectioned 

longitudinally on a LECO Vari/Cut VC-50 cutting wheel with
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0.381 nun thick Buehler ISOCUT watering blades. The samples 
were prepared and electrolytically etched with 10% ammonia 
persulfate as explained in Table 2. All 50X to 400X light 
micrographs were taken on a Bausch and Lomb Research II 
metallograph in the center of the polished, etched face of 
the compression samples (Figure 6). Bright field light 
microscopy was used for the micrographs at 10OX. Nomansky 
Interface Contrast (sensitive tint) was used at 40OX to 
obtain better resolution of the surface topography. 
Macrographs (less than BOX) were taken on a Polaroid MP-4. 
Rockwell A hardness tests were taken on each sample with a 
Rockwell Hardness tester with a Braile indentor and 60 
kilogram load. The locations for the hardness tests are 
also shown in Figure 6, with the average of the five data 
points reported. The ferrite content of the samples were 
determined with the Magne-Gage.

3.5 Hot Deformation and Recrystallization Study
The test matrix utilized in the compression test study 

consisted of five temperatures (850, 925, 1000, 1075 and 
1150°C), and three strain rates (0.01, 0.1, 1.0 sec”1) 
at a constant strain of 1.0. This matrix was chosen to 
best simulate normal working temperatures, strain, and 
strain rates encountered during hot working by pressing or 
rolling. Also, a static recrystallization study at a
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Figure 6: a) Hardness and b) metallographic locations used on the 
samples from the hot compression study of Alloy 22-13-5.
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strain of 1.0, strain rate of 1.0s”1 and temperature of 
1000°C was performed to determine the recrystallization 
kinetics after hot working. Hold times of 8, 32, 12 8 and 
512 seconds in the furnace after deformation were 
investigated. The deformed samples were then quenched in 
water after holding at temperature. The volume percentage 
of recrystallized grains was determined with a 25.4 mm 
square divided into 12 grids, randomly placed on a 
micrograph (100X and 400X). The recrystallized grain size 
was determined by the mean-intercept method described 
earlier.
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4.0 RESULTS AND DISCUSSION

4.1 Microstructural Analysis-Undeformed Samples

4.1.1 As-Received Material
Figure 7a shows the macrograph of a transverse view of 

a disk taken from the as-received wrought bar. The 
microstructure was non-uniform with a duplex grain 
structure near the surface of the bar as shown in Figure 
7b. The duplex structure consisted of approximately 45% 
coarse, 400 micron diameter grains, in a matrix of fine, 27 
micron diameter grains. Throughout the remainder of the 
bar, the grain size varied from 44 microns (6 ASTM) at the 
center of the bar to 22-27 microns (8-7.5 ASTM) at the 
surface. Micrographs from longitudinal and transverse 
sections are presented in Figures 8 and 9, respectively for 
samples prepared with an oxalic acid etch to reveal grain 
structure. The measured grain sizes from quantitative 
metallographic analyses are summarized in Table 5 along 
with the results for the heat treatment study discussed 
later.

Also shown in Figures 8 and 9 are stringers and the 
evidence of chemical banding in the form of light etching, 
collinear bands. Figures 10 and 11 summarize light 
micrographs of longitudinal and transverse samples prepared
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200pm

Figure 7: a) Light macrograph of the as-received Alloy 22-13-5 bar
shewing the gradient in microstructure from the surface to 
the interior, b) Light micrograph of the duplex grain 
structure observed near the surface of the as-received 
wrought bar. Oxalic acid etch.



T-3395 41



T-3395 42



T-3395 43

Table 5: Summary of grain size measurements for the
as-received and heat treated samples of Alloy 
22-13-5. The ASTM grain size number is in 
parentheses.

LOCATION
CONDITION CENTER MID-RADIUS EDGE

AS-RECEIVED
Transverse 44(6) 32(7) 22(8)
Longitudinal 44(6) 44(6) 27(7.5)

HEAT-TREATED 
(Longitudinal)

1065 C, 8 hours 32(7) 22(8) 22(8)
1113°C/ 1 hour 32(7) 32(7) 62-27

2 hours 32(7) 22(8)
(5-7.5)
27(7.5)

4 hours 38(6.5) 27(7.5) 32(7)
8 hours 38(6.5) 38(6.5) 108-38

(3.5-6.5)
16 hours 

1163°C/ 8 hours
38(6.5)
180(2)

32(7)
152.5(2.5)

91(4)
180(2)
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with Murakami1s etch to reveal the structure of the 
stringers. The micrographs show that the stringers exhibit 
a distinct structure interpreted as mostly delta ferrite, 
with some sigma phase. The ferrite volume percent was 
constant throughout the bar cross-section with the ferrite 
content approximately 0.4% in all samples. The ferrite 
content of as-cast 22-13-5 is approximately 1.5% (27). 
However, the stringer content was higher at the center of 
the bar, decreasing towards the surface, with the 
morphology constant throughout the cross-section of the 
bar. This could be attributed to compositional effects.

Rockwell A hardness tests were taken on the surface of 
the longitudinal and transverse metallographic samples, 
with little variation noted from the center of the bar to 
the surface. The results of the hardness tests are 
summarized in Table 6 and correspond to the reported 
hardness of fully annealed and water quenched 22-13-5 (19).

4.1.2 Solution Heat Treatment
The annealing response of the as-received bar was 

evaluated with a series of heat treatments at temperatures 
between 1065 and 1163°C for annealing times up to 16 
hours. The purpose of these heat treatments was to 
determine the degree of homogenization and microstructural 
modification through control of precipitation and grain
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Table 6. Summary of Rockwell A hardness data for the
as-received and heat treated samples of Alloy 
22-13-5.

CONDITION CENTER
LOCATION
MID-RADIUS EDGE

AS-RECEIVED 
Transverse 
Longitudinal

55
59

58
58

59
61

HEAT-TREATED 
(Longitudinal) 

1065°C, 
1113°C,

1163°C,

8 hours 55 54.5 54
1 hour 55 56 54
2 hours 50 57 58
4 hours 52 55.5 54
8 hours 52.5 55.5 53
16 hours 48 51.5 51
8 hours 49 52 50
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size that could be obtained in the as-received bar. The 
effect of temperature at a constant annealing time of 8 
hours is shown in Figure 12. This figure shows that 
extensive grain growth occurred in samples annealed at 
1163°C. The effect of time at a constant temperature of 
1113°C is shown in Figure 13, where it is apparent that 
at 1113°C, the grain size is minimally affected by 
annealing time. However, the sample heat treated at 
1113°C for 16 hours exhibited a duplex grain structure 
with precipitates on prior high angle grain boundaries as 
shown in Figure 14. Other work on Alloy 22-13-5 has 
identified carbide as the primary grain boundary
precipitate in solution annealed, aged samples (28).
Duplex grain structures have also occurred in steels 
alloyed with Niobium (Nb) in the temperature range where 
the NbC precipitates were too small to prevent 
recrystallization but sufficient to prevent secondary grain 
growth after recrystallization. This resulted in a mixed 
austenitic grain size due to incomplete grain growth after 
static recrystallization (29).

Microstructural banding was still present after heat 
treating and was analyzed by microprobe analysis for Fe,
Ni, Cr, Mn and Mo. The bands were attributed to 
segregation of the Mn.
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The average grain size of the heat treated samples are 
listed in Table 5. These results show that the heat 
treatment produced a finer grain size for the heat treated 
samples versus the as-received material, except at the 
higher temperatures and times where extensive grain growth 
occurred.

Rockwell A hardness readings were also taken on the 
heat treated samples and are listed in Table 6. The 
solution heat treatments decreased the average hardness of 
the as-received material from 58 RA to 53 RA . The 
decrease in hardness and decrease in grain size indicates 
that the as-received material was not annealed. On 
subsequent annealing, the material statically 
recrystallized resulting in the finer grain size and 
decrease in hardness.

The effects of time and temperature on the second phase 
stringers are shown in Figures 15 and 16. Analysis of the 
micrographs indicate that at 1163°C for 8 hours (Figure 
15c), the second phase stringers agglomerated (spherodized) 
and appeared to be primarily delta ferrite by analysis of 
the results of the Murakami's etch. Although the 
morphology of the stringers changed during the heat 
treatment, the volume percentage of the ferrite remained 
constant at approximately 0.4%, indicating that the heat
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treatment was ineffective in dissolution of the delta 
ferrite. Previous work on Alloy 21-6-9, a similar 
austenitic stainless steel, has shown that dissolution of 
delta ferrite could be accomplished only by working and 
subsequent thermal treatment (30,31). This would account 
for the change in ferrite content from the as-cast (27) 
(1.5%) and the wrought condition (0.4%). Other work on 
Alloy 22-13-5 showed that sigma phase formed after aging of 
cold-worked material and in samples annealed at 1120°C 
for 30 minutes prior to aging with little change in the 
percentage of sigma phase over the range of aging 
parameters. The aging parameters were within the same 
temperature range (800-1000°C) used in this work but for 
longer times at the various temperatures (8-24 hours) (32).

4.1.3 Summary and Observations
From the annealing investigation, it was determined 

that significant grain size modification could be obtained 
but that the second phases and chemical banding could not 
be eliminated. Based on these studies, two starting 
microstructures were chosen for the hot deformation study: 
1) a fine grain structure formed by heat treating at 
1050°C for one hour which produced a fully annealed 
structure with a grain size slightly finer than the 
as-received material (Figure 3), and 2) a coarse grain
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structure created by heat treating at 1163°C for eight 
hours (Figure 3). The two starting microstructures 
hereafter are referred to as "fine grain" and "coarse 
grain", respectively. As described earlier, the 
compression samples were machined from the mid-radius 
position to fix the starting microstructure. This position 
did not have the duplex grain structure characteristic of 
the surface material and a large number of samples could be 
obtained for the volume of material on hand.

4.2 Hot Compression Results

4.2.1 True Stress-True Strain Curves
Hot compression data for both starting microstructures 

were obtained at a true strain of 1.0, at five temperatures 
(850, 925, 1000, 1075, and 1150°C) and at three true 
strain rates, (0.01, 0.1 and 1.0 s-1). A complete 
summary of the true stress-true strain curves are to be 
published elsewhere (33) with the data from the true 
stress-true strain curves summarized in Tables 7 and 8. 
Representative true stress-true strain curves are presented 
in Figures 17-2 0. Figures 17 and 18 show the effects of 
temperature at a constant strain rate of 1.0s”1 for the 
coarse and fine grained material, respectively. The 
effects of strain rate at a constant test temperature of



Ta
bl
e 

7 : 
Su
mm
ar
y 

of 
hot

 
co
mp
re
ss
io
n 

dat
a 

for
 

co
ar
se
 

gr
ai
ne
d 

sa
mp
le
s 

of 
Al

lo
y 

22
-1
3-
5.
 
hea

t 
tr
ea
te
d 

at 
11
63
°C
 

for
 

8 
ho

ur
s.

T-3395 57

«3

aB
r-Hk

<uHt M

H vo O in CN VO CM H O r- a\ CO CT\o 'j* VO CM CO o o in O in on CM H m H CM CM H H CM H vo

<da. o c\ CO in CO CTl 1 ’d* O O CO H
S • VO C" H vo G\ 1 VO H VO in CO CO o voH CO CO '3* CM CM 1 H CM CM CT\ H H vo CO
G CO vo o O CM in CO VO O o in CMid • vo o CM VO o in vo H o -d4<T\ CO CMP o CO CO CM CO CO H CM CM H 1—1H vo (Tv-Pto VO CO o o CO CO O VO o CO CM H CMT* • vo o CO VO H VO CM CO o in O O0) o CO •sr ■M* CM CO CO H CM CM H H CM VO H-Pido o in o CO H in CM CO o vo r~~ CO• vo o 'd4 VO CM f' r~ CM a\ o in o CM oTJ o CO CM CO CO H CM CM 1—1H CM C" HGH CM Tf in in VO r- in CO in VO cn r- (Tv-P • Tf a\ H in H vo vo CM CO o in o Tf Oid o CO CO Tf CM CO CO H CM CM H H CM H

0101 CM vo vo H CM VO o CM CO CM o0) O in Tf in CO o H in OV o CO CO in CO COP O CM CM CM H CM CM H H CM <Tt i—1i—i in CO-P •to o

in

in

in

in

<U-Pid«
GH -H I <d oiu-Pto
<uI—I
e<dto
0)p
5(dP U  0)0I

H  O  O H O
O  O  H

H  O  O H O
O  O  H

H  O  O H O
O  O  H

O H O  
O  O  H

O H O  
O  O  H

CO in vo H CM CO in VO r- H in vo H CM CO
CM CM CM CM CM CM H H H H H H H H HH H  H CM CM CM H H H CM CM CM H H H

O in OO in O f" inin CM O o HCO (TV H H H



Ta
bl
e 

8: 
Su
mm
ar
y 

of 
hot

 
co
mp
re
ss
io
n 

dat
a 

for
 

fin
e 

gr
ai
ne
d 

sa
mp
le
s 

of
 

Al
lo
y 

22
-1
3-
5,
 
hea

t 
tr
ea
te
d 

at 
10
50
°C
 

for
 

1 
ho
ur
.

T-3395 58

id

k m r- in cn KOpH pH CM CM CO pH o r- COm <7!CO CO o f" in CM CO O in o in OM a) m CO CM CO CO pH CM CM pH pH CM KOpH(0 k<u 4-)Ph CO

(dCU o o Ch l CT\ r~ O in o ■d*pHS • VO 1 pH KOrH CO CO CO pH pH KO CM inpH r> CO 1 CM CM CO pH pH CM CO pH pH in r-
C*H CO "d*r» CO CO CO CO CO e' o CO r-<d • r>-pH CM f" CO CO en in in CM r- •d*ou o CO co Tf CM CM CO H pH CM CO pH i—i in CO-PCO KO CO CO ON r- CO ON CO CO CMTf • 'd1CO CM CO CO in O 10 i—1CO ON KOr-0) O CO CO Tf CM CM CO pH CM CM ON pH pH in CO-P(dü th in in CJl KOCO ON ON CO o in CO•H • Tf u\ CO CO ON KO 'd*pH CO C'■d*O pH r-'d o CO CO CM CM CO pH CM CM en pH CM KOONcH CM CO pH CO O CO CM CM pH o o r- CO+J • CM CO CM CO O VO in CM CO o in o in o<d o CO CO Tf CM CO CO pH CM CM pH pH CM KOpH
toto CM pH VO in CO CM CM r- pH i—1■d*CD o CM CM CO CO pH CM CO O e' CO in e' inU o CM CM CM pH CM CM pH pH CM en pH pH en CO-P •CO o

CD-p<dPi
pH o pH O pH O pH pHCH O pH O O pH O O pH O O pH O O pH-H 1cd to O O pH O O pH O o pH o O i—1 o OP-PCO

CD
pH iH CM CO Tf in KO pH CO pH CM CO ■d* in KOg,=**= 1 1 1 1 i 1 1 1 1 1 1 1 i 16 CO CO CO CO CO CO pH CO in in in in in incd 'd*Tf Tf Tf Tf 'd*■M* •d’■d1■d* ■d*"d*CO
CDPb-p O in Ocd o in O r- inP u in CM o o pHCDO CO o\ pH pH pH

Eh



50
0

T-3395 59

LULU
O Ooo oc u

X  LU

U  T4

O  H
LU <
Q  Œ
en z  
L O  «— «

en m

I Œ  h- 
(V  CD <

lu n  
>  cn luO  Œ  H  _j < cn
U  O  LU

o oo o oo oen oCM

CD

o

LO

O

n*
o

CM
O

O
o

edW 'SS3W1S 3ntil



50
0

T-3395 60

LU

O O

h-

o

LU

O  
LTJ •*-«

OJ C
eu Œ

O  LU
-J M  LU <  Lu H

GO

O

LO
O

'T
O

eu

o

oo ooen
oo
eu

oo o o

edW 'SS3W1S 3ntil

TRU
E 

ST
RA

IN
Fig

ure
 
18:
 

Tru
e 

str
ess

 
ver

sus
 
tru
e 

str
ain

 
cur

ves
 
for
 
the
 
fin
e 

gr
ai
n

ini
cro

str
uct

ure
 
of 

All
oy 

22-
13-

5 
hea
t 

tre
ate

d 
at 

105
0°C

 
fo
r 

1 h
our

, 
tes

ted
 
at 

850
, 

100
0, 

and
 
115

0°C
 
at 

a 
tru
e 

st
ra
in
 

rat
e 

of 
1.0
s 

.



50
0

T-3395 61

LU LULU

Oo
o

CD CD
O

œ  m  <  CDo  ^CJ 1-i

Mh-
H

Oo ooen
ooeu

oo

œ
o

10
o

"7
O

eu
o

o
o

-5

a)

<
Œh-
en
LUZ)Œ

m

Gdw 'SSHtilS 3ntil



50
0

T-3395 62

LU

OO
o

o H
O

ru <  a  
ru œ

CD O
O  LU O

O o o oo

00
o

10
o

o

CM

o

o
oo Oen o

CM

TRU
E 

ST
RA

IN
Fig

ure
 
20:
 

Tru
e 

str
ess

 v
ers

us 
tru
e 

str
ain

 
cur

ves
 
for
 
the
 
fin
e 

gr
ai
n

mc
ro
st
ru
ct
ur
e 

of 
All

oy 
22-

13-
5 

hea
t 

tre
ate

d 
at 

105
0°C

 
fo
r 

1 h
our

, 
tes

ted
 
at 

100
0 

C 
at 

tru
e 

str
ain

 
rat

es 
of 

0.0
1, 

0.1
0, 

and
 
1.0
0 

s'”
1.



T-3395 63

1000°C are illustrated for both microstructures in 
Figures 19 and 20. These figures show that both starting 
conditions exhibited the same general deformation behavior 
with an initial strain hardening region followed by a broad 
peak and then slight softening such that the steady state 
stress was less than the peak stress. A true steady state 
region, as defined by a constant true stress versus true 
strain, was only achieved at the lower strain rates. This 
type of curve is characteristic of fee metals and alloys 
with intermediate or low stacking fault energies (Cu, Ni, 
Austenitic steels) in which recovery processes proceed 
slowly and the dislocation density can attain sufficiently 
high values to initiate dynamic recrystallization 
(11,12,34). At low strain rates and high temperatures, the 
curves can go through several subsidiary maxima prior to 
the attainment of steady state. Other investigations have 
shown that a single peak in flow stress signifies grain 
refinement is occurring, whereas multiple peaks indicate 
that discrete cycles of grain coarsening are taking place 
(11). These curves are in contrast to metals which recover 
quickly, as in high stacking fault energy materials (Al, 
ferritic steels). In the case of high stacking fault 
energy materials, the stress increases up to a steady state 
with no maximum in the curve (34). The transition between
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the two types of curves is reconciled with the attainment 
of a critical level of dislocation density. Below the 
critical level of dislocation density, dynamic 
recrystallization cannot occur (3,12).

Another significant feature in the true stress-true 
strain curves, (Figures 17-20) is that the strain to peak 
stress increases with strain rate and decreasing 
temperature. This illustrates the temperature and strain 
rate dependence of peak strength.

The fine grained material showed a larger degree of 
softening between the peak flow stress and highest strain 
versus the coarse grain material. This indicates that the 
dynamic softening mechanisms proceed more slowly in the 
coarse grain material, a behavior attributed to the 
decreased number of nucléation sites (i.e. grain 
boundaries) in the coarse grained material (11,12).

The compression flow curves were analyzed to determine 
the 0.2% offset yield strength and peak flow stress for 
each strain rate-temperature combination. These results 
are summarized in Figures 21-24. Figures 21 and 22 present 
the 0.2% offset yield strength results for each strain rate 
as a function of test temperature for both starting 
microstructures. The corresponding results for the peak 
flow stress data are presented in Figures 23 and 24. These
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results show that the 0.2% offset yield strength and the 
peak flow stress decreased with increasing temperature and 
decreasing strain rate for both the coarse and fine grain 
material. This is indicative that thermally activated 
processes are controlling the deformation mechanisms. The 
0.2% offset yield strength was not significantly affected 
by the initial microstructures whereas the peak flow stress 
is slightly lower for the fine grain starting 
microstructure. This is attributed to the onset of dynamic 
recrystal1i z at ion mechanisms. During the work hardening 
region of the curves, dominated by dynamic recovery, the 
starting grain size does not greatly influence the 
deformation mechanisms. However, dynamic recrystallization 
mechanisms, which are accelerated in fine grained materials 
(11,12), decrease the critical strain required for the 
initiation of dynamic recrystallization. Therefore, lower 
peak flow stresses occur for the fine grained material. 
Also, at the higher temperatures and strain rates, 
adiabatic heating can accelerate the dynamic 
recrystallization kinetics.

4.2.2 Strain Rate Sensitivity
The effect of strain rate was quantified by equation 7 

discussed earlier in the experimental procedure section. - 
The calculated values for strain rate sensitivity are
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summarized in Tables 9 and 10 for the coarse and fine grain 
materials, respectively. The effect of temperature on the 
strain rate sensitivity evaluated at a true strain of 0.6 
for the coarse and fine grain materials are shown in Figure 
25 and 26, respectively. In each figure, strain rate 
sensitivity is observed to increase with temperature. At 
the lower two temperatures, m(L) is approximately equal to 
m(H). However, for temperatures greater than 950°C, 
strain rate sensitivity depends on the strain rate range 
used to evaluate strain rate sensitivity where m(L) is 
significantly greater than m(H). Furthermore, the strain 
rate sensitivity of the fine grained material is slightly 
greater than for the coarse grained material. The effect 
of strain rate and microstructure is discussed below in 
conjunction with the results of a metallographic analysis 
of deformed samples in which the differences are attributed 
to the enhanced effects of dynamic recrystallization and 
probable adiabatic heating at the highest strain rate.

4.2.3 Activation Energy
The effect of temperature on the deformation behavior 

was characterized by the determination of an apparent 
activation energy for the high temperature deformation 
process. The relationship between strain rate and 
temperature at a constant flow stress was assumed to follow
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the Arrehenius-type rate equation 8 discussed in the 
experimental procedure section. The activation energy was 
determined to be 400-735 kJ/mole, and 420-650 kJ/mole for 
the coarse and fine grain material, respectively. The 
results are summarized in Tables 11 and 12 for both 
starting microstructures, respectively, for stress at 
strains of 0.6, 0.8, 1.0 and the peak flow stress. These 
values are generally high when compared to similar 
materials under hot working conditions (Table 13).
However, the equation used (8) to determine the activation 
energy is strongly dependent on the microstructure formed 
at the peak flow stress or during steady state 
deformation. A definitive peak flow stress or a true 
steady state region was not attained in these hot 
compression tests. Also, in creep theory it has been shown 
that the apparent activation energy for hot working can be 
greater than the activation energy for self diffusion and 
can sometimes be accounted for via the temperature 
dependence of the elastic modulus (which decreases with 
increasing temperature) and stacking fault energy (11,35). 
Generally, in metals with low stacking fault energies, the 
activation energy for hot working is higher than for creep 
and self diffusion. For these metals, the proposed 
softening mechanism is dynamic recrystallization. In
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Table 13 : Hot Deformation activation energies for
various materials.

Activation Energy 
Material ____ (kJ/Mole)  Reference

AISI 304 402 7
AISI 316 402 7
AISI 317 506 7
Waspaloy 410-475 7,36
18Cr-8Ni 311-461 9,11
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metals with high stacking fault energies, dynamic recovery 
is the only softening mechanism and the activation energy 
for hot working is generally equal to that for creep and 
self diffusion (4,6).

4.2.4 Hardness Data
Room temperature Rockwell A hardness readings for the 

hot compression samples are summarized in Tables 14 and 
15. The hardness data was plotted versus the final flow 
stress at a strain of 1.0. The results are presented in 
Figure 27 where it is apparent that high room temperature 
hardness correlates to high final flow stresses.

The lower deformation temperatures for both starting 
microstructures resulted in higher final flow stresses, 
with the fine grain material having a consistently higher 
hardness than the coarse grain material. The data was also 
correlated with the final average grain size of the hot 
worked microstructure, with the results summarized in 
Figure 28. The plot indicates that the higher hardnesses 
correlate with fine final grain sizes. The scatter in the 
coarse grain data could be attributed to the method of 
grain size measurement which did not account for grain 
shape or grain distribution. The data suggests that there 
is a general correlation between the hot compression and
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i i
ALLOY 22-13-5

COARSE GRAIN
1163 □EG. c.

□ 850 □EG. C
O 925 □EG. CoooO

□EG. C
A 1075 □EG. Ca 1150 □EG. C
FINE GRAIN

1050 □EG. C,
■ 850 □EG. C
• 925 □EG. C
♦ 1000 □EG. CA 1075 □EG. C9 1150 □EG. C

8 HRS

Figure 27:

I 50 100 150 200 250 300 350 400 450
FINAL FLOW STRESS, MPa

Rockwell A hardness for the hot worked samples as a function 
of flow stress evaluated at a true strain of 1.0 for both 
coarse and fine grain starting microstructures of Alloy 
22-13-5.
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room temperature data as an increase in hardness resulted 
in a increase in stress at a strain of 1.0 and decrease in 
grain size.

4.2.5 Microstructural Analysis-Deformed Samples
All microstructural observations have been made at room 

temperature, after rapid quenching following high 
temperature deformation to a strain of 1.0. As discussed 
in the experimental procedure section, the water quench 
involved a two to three second delay from the end of the 
deformation process. Hot worked structures are generally 
unstable and tend to recrystallize if held at temperature 
after deformation. Therefore, the possibility of 
structural modifications during cooling should be 
considered (4).

The effect of temperature on microstructural changes 
during deformation was to vary the extent of 
recrystallization observable after deformation and to alter 
the characteristics of the deformed grain boundaries. The 
effect of temperature on the microstructure is illustrated 
in the three light micrographs presented in Figure 29 for 
the coarse grained material deformed at a true strain rate 
of 1.Os"1. At 850°C extensive grain deformation is 
observed which is absent in the fully recrystallized 
microstructure deformed at 1150°C (Figure 29).
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Quantitative metallographic analyses of the 
microstructure of the hot compression samples were used to 
determine the extent of recrystallization observable 
immediately after deformation. The results for the coarse 
and fine grained samples are presented in Figures 3 0 and 
31, respectively. These results show that the degree of 
recrystallization increases with an increase in temperature 
and increase in strain rate for both starting 
microstructures. Furthermore, the fine grained material 
recrystallized at lower temperatures. For example, at the 
high strain rate of 1.0s"1, 50% recrystallization occurs 
at approximately 975°C for the fine grained material 
versus 1020°C for the coarse grained material. The 
apparent enhancement of recrystallization at higher strain 
rates may be due to the effects of adiabatic heating which 
a previous study (25) has shown may result in as much as a 
60°C temperature increase. This increase was measured 
for Alloy 718 during deformation at a strain rate of 
1.0s"1. The superposition of the recrystallization 
curves at the lower two strain rates (0.01 and 0.1s"1) 
indicate that no significant adiabatic heating occurred.

The effects of strain rate on recrystallization 
observed in Figures 3 0 and 31 are mirrored in the 
deformation behavior discussed previously. First, as
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recrystallization during high temperature deformation is 
viewed as a softening process, then enhanced 
recrystallization during deformation will correlate with 
lower flow stresses. In Figures 23 and 24 the peak flow 
stresses for the fine grained material were shown to be 
less than for the coarse grained material, an observation 
which is consistent with enhanced recrystallization in the 
fine grained material.

The strain rate sensitivity data (Figures 25 and 2 6) 
also reflect the effects of recrystallization on starting 
microstructures. For both coarse and fine grain material, 
the recrystallization curves of Figures 3 0 and 31 show that 
no dynamic recrystallization occurred below 92 5°C. 
Correspondingly, the measured strain rate sensitivities are 
independent of strain rate below 925°C. However, in the 
temperature range where the degree of recrystallization is 
strain rate dependent, measured m values are also highly 
strain rate dependent. As discussed earlier, in this 
temperature range (above 1000°C), m(H) is less than 
m(L). The strain rate dependence on strain rate 
sensitivity is interpreted to reflect the enhanced 
softening at the highest strain rate, which could be due to 
adiabatic heating effects. Figure 32 illustrates the 
anticipated change in the true stress-true strain curve for
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the fine grain microstructure tested at 1000°C if a true 
isothermal compression test, without adiabatic heating was 
obtained. This indicates that the change in flow stress 
used for the calculation of m(H) would increase.
Therefore, if the adiabatic heating effects were indeed 
sufficient, the calculated m(H) values are low and the 
apparent dependency of m on strain rate would be much 
weaker (or non-existant) than portrayed in Figures 2 5 and
26.

Another significant microstructural observation was the 
presence of grain boundary precipitates in both coarse and 
fine grain materials at 825 and 925°C. Representative 
micrographs of the fine grain material tested at 850°C at 
strain rates of 0.01, 0.10, and 1.0 s”1 are shown in 
Figure 33. As discussed earlier, the starting fine grain 
structure (Figure 3b) showed evidence of precipitates on 
the grain boundary whereas the coarse grain material, had 
precipitates on the prior, high angle grain boundaries 
(Figure 3d). In both starting microstructures, it was also 
noted that the amount of precipitation decreased with 
increasing strain rate and were completely dispersed by hot 
deformation at 1000°C. Above this temperature, the 
precipitates go back into solution in the matrix.
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Some of the deformed grain boundaries in both starting 
microstructures exhibited a distinct serrated structure as 
illustrated in the series of micrographs in Figure 34 for 
the coarse grained material tested at 1150°C at a strain 
rate of 0.01, 0.10 and 1. Os"*1. The serrated grain 
boundaries (Figure 29b) are indicative of the presence of 
subgrains in which the subgrain size can be estimated by- 
measuring the half-wavelength of the serrated grain 
boundaries (34,35). The average half-wavelength of the 
serrations increased with an increase in strain rate and a 
decrease in temperature, and are summarized in Tables 14 
and 15. The half-wavelength was plotted versus the final 
flow stress (at a strain of 1.0) as shown in Figure 35.
The results of Figure 35 show an inverse dependence of the 
half-wavelength on the final applied stress where the slope 
of the curves for the coarse and fine grained materials 
were determined to be -0.61 and -0.65, respectively. Also, 
the curve for the coarse grain microstructure is slightly 
higher than the fine grain curve indicating that the 
dependence of final flow stress on substructure size varies 
with starting grain size. Previous creep and hot working 
studies have shown that the equilibrium subgrain size is a 
strong function of the stress developed during steady state 
such that ;
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10

CD

ALLOY 22-13-5 
COARSE GRAIN

□ STRAIN RATE-0.0l 
- O STRAIN RATE-0.10 0 STRAIN RATE-1.00 
FINE GRAIN

■ STRAIN RATE-0.01
• STRAIN RATE-0.10
♦ STRAIN RATE-1.00

10°
1 2 3

FINAL FLOW STRESS, MPa
Figure 35: Half ̂wavelength of the serrated grain boundaries versus the

final flow stress for the hot worked coarse and fine grain 
starting ndcrostructures of Alloy 22-13-5.
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cr=kd“b (10)
where k and b are empirical constants with b almost equal 
to unity. The constant, b, has also been observed to be
0.75 in Ni and Ni-Fe alloys (3,14,35). The stress is 
independent of thermal mechanical history, temperature or 
impurity content (35,37,38).

Transmission Electron Microscopy (TEM) was performed to 
determine the composition of the precipitates and further 
analyze the deformation mechanisms. Three samples ; two 
fine grain structures deformed at 850°C at a strain rate 
of 0.01, and at 1000°C at a strain rate of 1.0s”1, and 
a coarse grain structure deformed at 1000°C at a strain 
rate of 1.0s"1 were chosen.

The fine grain structure deformed at 850°C (Figure 
36b) was characteristic of a worked structure with no 
evidence of recrystallization. At 1000°C, evidence of 
dynamic and metadynamic recrystallization were observed.
An example of a metadynamically recrystallized grain is 
shown in Figure 36a with the dislocations only along one 
side of the recrystallized grain. This indicates that when 
the high temperature deformation was completed, 
recrystallization continued statically due to a decrease in 
incubation period required for static recrystallization. 
Also evident are precipitates within the matrix, and along
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b
Figure 36: TEM of the fine grain microstructure of Alloy 22-13-5 tested

at a) 850°C and b) 1000°C at a true strain rate of 
1.0s""1. Arrows (a) point to precipitates within the grain 
and on the grain boundary.
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the grain boundary as shown by the arrows in Figure 36a.
The precipitates were determined to be enriched with 
chromium by TEM.

Dynamic and metadynamic recrystallization were also 
observed in the coarse grain material, with a 
metadynamically recrystallized grain shown in Figure 37.
The metadynamic recrystallized grains grew in the same 
direction, adjacent to other metadynamically recrystallized 
grains. The recrystallized grain shown in Figure 37a is 
adjacent to the recrystallized grain in Figure 37b. Other 
metadynamically recrystallized grains were also observed, 
migrating in the same direction along the same high angle 
grain boundary.

The evidence of subgrain formation along the serrated 
grain boundaries were also evident in both microstructures 
and are shown in Figure 38. Subgrain formation has been 
shown to be affected by grain boundary pinning (39). 
Precipitates were also noted along the grain boundary that 
seemed to result in pinning of the grain boundaries (Figure 
36a and Figure 38a).

All of the deformed microstructures were characterized 
to determine the average grain size, average 
half-wavelength of the grain boundary serrations, degree of 
recrystallization, and average hardness. In addition, the
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Figure 37: TEM of the coarse grain microstructure of Alloy 22-13-5
tested at 1000 C at a true strain rate of 1.0s"'1. The 
grain shown in a) is directly adjacent to the grain in b).
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Figure 38: TEM of the a) fine and b) coarse grain microstructures of
Alloy 22-13-5 tested at 100Q°C at a true strain rate of 
1.0s”1.
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extent of grain boundary precipitation was evaluated 
qualitatively. These results are summarized in Tables 14 
and 15 for both starting conditions.

After deformation, a roughened, "orange-peel" surface 
was noted on the compression samples of the coarse grain 
material versus a smooth surface for the fine grain 
material. This inhomogeneous nature of deformation is 
characteristic of large grain materials due to the 
anisotrophic nature of plastic strain from grain to grain 
(40) .

4.3 Static Recrystallization Study
The effects of static recrystallization were determined 

by compressing samples at 1000°C at a strain of 1.0 and 
strain rate of 1.0s”1 and holding after deformation for 
times of 8-512 seconds. Representative micrographs are 
shown in Figure 39 for the coarse grain material. At 8 
seconds, new grains are evident along prior grain 
boundaries. The nucleation/growth process continues until 
a fully recrystallized structure is obtained after a hold 
time of 512 seconds. Still evident, are the precipitates 
along the prior high angle grain boundaries. From the 
micrographs, the percent recrystallization was determined 
and was plotted versus hold time after deformation for both 
starting microstructures shown in Figure 40. The plot



Figure 39: Light micrographs of the coarse grain microstructure of
Alloy, 22-13-5 tested at 1000°C at a true strain rate of 
1.0s 1 and held after deformation for a) 8, b) 32, c) 128, 
and d) 512 seconds. Ammonia persulfate etch.
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indicates that both coarse and fine grain microstructures 
were fully recrystallized after a hold time at temperature 
of 512 seconds. The plot also indicates however, that 
there is a distinct difference in percent recrystallization 
for the two starting microstructures at hold times less 
than 128 seconds, with the fine grain material 
recrystallizing faster. This correlates to the variation 
in percent recrystallization for the hot compressed 
samples, which proceed dynamically, metadynamically, and 
statically (quench time of 2-3 seconds). Thus it appears 
that the fine grained material has accelerated kinetics for 
both recrystallization mechanisms; static and dynamic. As 
discussed previously, this has been attributed to the 
increased nucléation sites of the fine grain material.

The final grain sizes of the fine and coarse grain 
materials were 18 microns and 40 microns, respectively 
compared to the initial grain sizes of 21 microns and 153 
microns, respectively.

Room temperature Rockwell A Hardness data for the 
static recrystallized samples are summarized in Table 16 
with the hardness decreasing with increasing percent 
recrystallization. The extent of recrystallization for 
both the hot compression samples and the statically 
recrystallized samples were correlated with room
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temperature hardness with the results shown in Figure 41. 
The superposition of the static and hot compression data 
suggests that the hardness of the recrystallized grains is 
independent of the mechanism of recrystallization, whether 
static or dynamic. As discussed earlier, the results of 
the hot compression study show an increase in percent 
recrystallization at higher temperatures which is 
indicative of the increased effect of the dynamic softening 
mechanisms at those temperatures. This plot indicates that 
the final room temperature hardness and final percent 
recrystallization (static and dynamic), which are dependent 
on the deformation mechanisms, are independent of starting 
grain size or thermal mechanical heat treatment history.
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5.0 FUTURE WORK 
This study has quantified the correlation of hot 

deformation behavior with resulting microstructures. In 
the strain rate and temperature range which is consistent 
with commercial hot deformation processes, significant 
variations in microstructure were observed. It is 
anticipated that low temperature mechanical properties, 
such as the fracture toughness at cryogenic temperatures, 
would mirror the final microstructure formed during hot 
deformation and thus vary with strain, strain rate and 
temperature during hot working. In order to directly apply 
the results of this thesis to a specific hot working 
process, the critical combinations of the various 
microstructural constituents which correlate with optimal 
mechanical properties must first be identified. Once the 
optimal microstructure has been identified, then the 
results of the hot compression study can be coupled with an 
analysis of the strain and strain rate in a particular 
forming operation to predict reduction schedules.
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6.0 CONCLUSIONS
1. Both fine and coarse grain starting microstructures 
exhibited similar deformation behavior during hot 
compression testing. The flow curves exhibited an initial 
strain hardening portion followed by slight softening to a 
subsequent steady state region where the steady state 
stress was less than the peak stress.

2. The high temperature deformation mechanisms were 
similar for both starting microstructures. However, the 
fine grain material exhibited enhanced dynamic 
recrystallization corresponding to lower peak flow stresses 
than for the coarse grain material.

3. The strain rate and temperature dependence of the 
strain rate sensitivity for both fine and coarse grain 
microstructures correlated directly to the strain rate and 
temperature dependence of the degree of recrystallization.

4. The fine grain starting microstructure exhibited 
accelerated static recrystallization after deformation.

5. The effect of temperature on the microstructural 
changes during deformation was to vary the extent of 
percent recrystallization observable after deformation and
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to alter the characteristics of the deformed grain 
boundaries.

a. The half-wavelength of the serrated grain 
boundaries developed during hot working varied inversely 
with the final applied stress and reflects the subgrain 
size developed during hot deformation. The half-wavelength 
was dependent on the starting microstructure.

b. Precipitates formed on the grain boundaries of 
both starting microstructures at 850 and 925°C. The 
precipitates decreased in number with increasing strain 
rate and were completely dissolved during deformation at 
1000°C.

c. The recrystallization present after hot 
deformation developed as a result of dynamic and 
metadynamic recrystallization.

6. The room temperature hardness was determined to be 
dependent on the degree of recrystallization (the hardness 
decreased with an increase in the extent of 
recrystallization), regardless of whether the 
recrystallization occurred during working or annealing, and 
independent of starting grain size or thermal mechanical 
history.
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