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ABSTRACT

Work Hardening, Strength, Restorative Mechanisms, and
Ductility in the Hot Working of 300 Series Stainless Steels

Norman Daniel Ryan, Ph.D.
Concordia University, 1989

Stress-strain  curves,  generated  through  continuous and  multistage
torsion tests of as-cast 304, 316, 317 and homogenized 301, 304, 316 and
317 y stainless steels in the range of 1200-900°C and 0.1 to 5.0 s, were
analyzed with respect to the characteristics of work hardening, dynamic and
static recovery, dynamic and static recrystallization, and ductility. Work
hardening was related to the Kocks-Mecking mode! where the saturation
stress is due to dynamic recovery DRV. The associated enthalpy which rose
across the deformation range attaining a maximum at the  highest
temperature, was in close agrezment with the constant activation energy
determined by sinh analysis. This activation energy was corrected upwards
in consideration of deformational heating.

Dynamic  softening  mechanisms were extensively  analyzed through
examination of the flow curves, with conclusions based upon mechanical data
being confirmed by optical metallographic methods. Upon attaining 4
critical strain, dynamic recrystallization DRX was initiated, producing &
peak at approximately 30% DRX and then softening to a steady state regime
where 99% DRX had taken place. The rate of dynamic softening was determined
by means of the Avrami equation. The critical stress and strain  for
subgrain formation and for DRX were determined from changes in slope of the
strain  hardening-flow stress 0-0 curves. A transition from multiple peak
grain coarsening to single peak grain refinement behavior was observed and

analyzed. The peak strain was shown to be a function of the Zener-Hollomon




the deformation conditions. Both the DRV subgrain size and DRX grain size
werc found to be functions of the steady state flow stress.

Static restorative mechanisms were examined by mechanical
metallographic methods and favorably compared with other work. Fractional
softening was due to both static recovery SRV and recrystallization SRX.
The kinetics were analyzed through use of the Avrami equation. At low
strains, the time for 50% SRX was a strong function of strain to the -2
power. In addition, the temperature compensated time for SRX depended upon
the three-eighths power of the Zener-Hollomon parameter for both isothermal
and declining temperature T multistage tests.

A time-to-fracture criterion was shown to qualitatively represent the
hot ductility which rose with increases in both temperature and strain rate
for those alloys with low solute, but decreased with increasing strain rate
for the high Mo bearing alloys. The as-cast alloys had considerably lower
ductility than the homogenized alloys, this being due to the presence of
delta ferrite. Due to the retarding effects of the static restorative
processes, the hot ductility augmented considerably as temperature and
holding time were increased.

Simulation of a cross country mill showed that the multistage flow
curves increased as strain rate rose and as interval time and T declined,
particularly  below 1050°C. Due to incomplete  softening during each
interval, accumulated strain was instrumental in raising the fiow stress in
a pass well above that determined by simple continuous deformation. Since
the time between successive planetary rolls is insufficient for any
restorative mechanisms to operate, the power requirements for the planetary
hot rolling mill were determined from continuous flow curves. The results

favorably agreed with similar mills installed in both Canada and Japan.
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Fig. 12. Plots of log € and log sinh ao for a) 301W and b) 304C
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165, 167, 183, 184).
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163, 182, 184, 151, 195).
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167, 184).
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163, 177, 182, 184, 188, 191).

Fig. 14, With extensive results from the literature (76, 152,

157, 167. 174, 178), a logarithmic plot of ap versus Z (QHw = 400
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Do and Z. Data for an Fe 0.06C alloy is presented for comparison
(262).

Fig. 15. A plot of log cp against log Z for a) 301W, 304W, 316W,
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Fig. 16. A plot for 301W, 304W, 316W, and 317W showing the
relationship of op to Z. It is evident that a) the exponential law

(Eqn. 16) breaks down below = 100 MPa, and b) the power law (Eqn.
15) breaks down above = 100 MPa.

Fig. 17. The relationship of QHW to the solute concentration for
301, 304, 316, and 317. The concentrations of the 70 alloys are

given in Tables 1-4 (49, 57, 63, 76, 77, 119, 126, 152, 158-195).
For some segregated as-cast alloys, QHw is unusuaily low (present
316, 162).

Fig. 18. This plot of the activation energy QHW against the
constant A in Eqn. 17 allows derivation of the constant T’ for the
inverted sinh ac function of Tanaka et al. (Eqns. 19, 20).

Fig. 19. Relationships between yield and steady state flow stress

as a function of Z for a) 301W, 304W, 316W, and 317W are presented
with additions of publishcd data points (263), and b) the

variation of S, Oy 0' with T compensated € for both 316C and
316W. At hlgh Z, the strain hardening is high, especially in the

as-cast condition but becomes low at low Z. The T scales are for 1

-1
s .

Fig. 20. Replotting of log sinh ac versus 1/T lines, to reflect
the T increase due to deformational heating calculated by Eqn. §,
leads to the derivation of Q. Published data are included for
comparison (157).

Fig. 21. The critical smains for DRX (derived from 6-0 plots in

Fig. 5) in both as-cast and worked a) 301W and 304, b) 316 and 317
rise with Z. Other research is included (138, 264), notably to

show the effect of D, For a given pass €&, the curves may be
interpreted as giving the limiting ZL, above which there is no DRX
and hence no refinement.
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Fig. 22. The critical time for the initiation of DRX (derived
from 6-c plots of Fig. 5) for 304W rises slightly with decreasing
T, whereas 304C exhibits the converse behavior. The effect of
decreasing strain rate is much more marked. Curves for other
alloys from the literature are included for comparison (119, 126,
168, 174, 196).

Fig. 23. The logarithmic plots of EP and of € asa function of
A indicates by their intersection, the transition from periodic

to single peak flow curve behavior for 301W and 304W. Published
data are included for comparison (136, 174).

Fig. 24. The Avrami expression is fitted to the mechanical data

with mean slopes of 1.28 and 1.24 for 304W and 317W. The time for
DRX rises as DO increases. Metallographic results for other alloys

are added as confirmation of the analysis (168, 174, 195).

Fig. 25. Curves of the volume fraction dynamically recrystallized
plotted against ¢ illustrate 1) the absence of incubation and the
critical strain, and 2) the divergence from linearity above XDRx =
70% for small D0 and above XDRX = 50% for large D0 in 304W and
317W. Research from the literature is included for completeness

(168, 174, 195).

Fig. 26. Continuous flow curves for both 304W and 317W indicate
the progress of DRY percentage at selected strains along the curve
to 99% I'RX (e'). € and ep are indicated. Appropriate published
results are included for comparison (168, 174, 195).

Fig. 27. Time for 99% DFX, i.c. to the onset of steady state, €,
t increases linearly as 1/T increases and rises markedly as €
decreases. The displacement of these lines to longer times as D/
increases is supported by other research (168, 174).

Fig. 28. The rate of DRX, which declines for 30, 50, and 80%

XDRX’ is shown to be inversely related to Do by using data from

several 304W alloys (168, 174).

XV

17

77

78

80

80

81

gl




Fig. 29. In a logarithmic plot, the time for 99% DRX 33
decreases linearly with sinh oG at constant T for a) 301W
and 304W, and b) 316W, 317W plus 304W.

Fig. 30. Plot of log sinh ac against 1/T shows a) the Qonx values 54
at 99% DRX (e, o) for 304W, 316W, and 317W and b) the Q values
at €, ep. and € along the continuous flow curve.

Fig. 31. Multstage flow curves for a) 301W and b) 304W showing 85
large passes followed by long intervals to fully recrystallized

material to repeatable grain size. There are also the equal

prestrain passes (thick dashed) followed by consecutive intervals

of increasing duration and then the reloading curves to measure

the drop in stress. g_and EP are indicated on the continuous flow

curve.

Fig. 32. A plot of the volume fraction recrystallized versus log 87
t for 301W, 304W, 316W, and 317W, where the data form the

traditional sigmoidal S curve. In addidon, the time exponent kSRx

in an Avrami plot is shown for all alloys. The data from published

papers are included for comparison (174, 208, 265).

Fig. 33. A logarithmic plot of the compensated-time for DRX, 88
WM, versus log Z where all data fall along lines with the same
slope at longer times for higher pass strains, confirming Eqn. 24.

Published data are included for completeness (168, 174, 266).

Fig. 34. An analysis of the present and extensively published 88
data (106, 130, 168, 174, 180, 204, 213, 265, 267-269), showing

the -2 power dependence of t,s upon strain, confirming Eqn. 24.

In addition, Us increases as metallic solute content rises.

Fig. 35. A plot of the 2% corrected t,s values versus 1/T 90
for 301 and 304 as-cast and worked alloys from which the anx

values are determined. Extensive published data are included for

completeness (106, 130, 168, 174, 180, 206, 204, 213, 265,

267-269).
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Fig. 36. Multistage iso-strain rate deformations with € constant 91
at 0.2 and t at 20s for a) 301W and b) 304W at 900 and 1000°C at

both 0.1 and 1.0 s, The dashed lines represent the envelope

which encloses the successive peaks. ¢_ and e are indicated on

the continuous flow curves.

Fig. 36c. Multistage curves for 304C at 1000°C and both 0.1 and 92
1.0 s’ 3 with two interval times.

Fig. 37a. Fractional softening plotted as a function of 93
cumulative pass strain shows the effect of increasing T, €, and

interval duration for 301W, 304W, and 304C. The volume fraction

recrystallized is indicated on the right vertical axis which

commences at 30% FS according to Barraclough (174).

Fig. 37b. FS represented as bar graphs for 304C, 316C, and 317C 94
for various deformation conditions. A 0.14 C steel (10, 215) is

included for comparison. The FS is seen to increase as T changes

from 900 to 1000°C, & from 0.1 to 1.0 5™, and t. from 20 to 40s.

Fig. 38. The mean flow stress kp from a 20% reduction rolling 96
pass has been calculated from multistage tests with intervals of

20s duration at several T. Because of limited FS between passes

for 304C, 316C, and 317C, kp is higher in stands 2 to 4 than in

stand 1; however, for C steel (10, 215) at 33% reduction, complete

SRX keeps all stands the same.

Fig. 39. The T and € dependences of ductility, for as-cast and 97
worked 304 and 317, in addition to 3C1W, are illustrated

isometrically.

Fig. 40. The fracture strain dependence on T and € illustrates 98

that a) the ductility of 301W and 304W increases with rising T and
with rising € and b) the ductility of 316C and 316W increases

with rising T and declining € The ductility is considerably lower
for the as-cast and for other alloys reported in the literature

(10, 42, 167, 188, 191, 215, 228, 271).
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Fig. 41. 'The hot ductility of 316C and 316W as a function of €
for several T. Comparison is made with 304W and results in the
literature (191, 228).

Fig. 42. Fracture times derived from hot torsion tests on 304C
demonstrate a) an exponential relationship with rupture stress,

there being straight lines for each T, and b) the fracture stress
depends on T according to an Arrhenius relationship, there being a
straight line for each €.

Fig. 43a. Torsion fracture times derived for 304W and 316W
demonstrate the hyperbolic sine relationship with fracture stress,
there being a straight line for each T. Published data are
included for completeness (191).

Fig. 43b. The sinh ag, relationship for 304W and 316W depends on
T according to an Amhenius relationship, giving a straight line
for each €. Published data are included for completeness (191).

Fig. 44. a) The temperature compensated time for DRX, WDRX'
plotted against ZDRX illustrates how the T compensated € draws the
data into a single line, and b) the dependence of ductility (e[
Zl');x) on WDRX is a single line for all deformation conditions,
being in agreement with the 304W data of Elfmark (251, 252).

Fig. 45. Multistage flow curves of 304C deformed at 900°C, 0.1
s show the ameliorating effects of SRX on ductility compared to
continuous straining. Published 304W data under similar
deformation conditions are included for compariscn (180).

Fig. 46. A plot of fracture strain versus T illustrates the
generally ameliorating, but sometimes deleterious (at short times)
effects of interval for SRX upon ductility. 316C is compared with
extensive published data (12, 106, 180, 229, 230, 233). Tensile
strains have been converted to torsion according to Egn. 43.
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Fig. 47. An optical micrograph of a longitudinal section of a
304W specimen deformed at 900°C, 5 s illustrates a high density
of pores forming beneath a groove. X 135.

Fig. 48. An optical micrograph of a tangential section of a 301W

specimen deformed at 1l00°C, 5 s shows broad surface cracks which

are most marked at opposite edges where the section is closest to
the surface and almost disappear in the middle except for their
deepest tips. X 150.

Fig. 49. Optical micrographs of a 301W specimen deformed at
1000°C, 1 s depicts a narrow strip extending inwards from the
surface in sequence (a,b,c); the pore density decreases as a
result of the strain gradient. X 75.

Fig. 50. An optical micrograph of a 316W specimen deformed at
1200°C, 5 s illustrates widely spaced pores at high T. X 150.

Fig. 51. Optical micrographs of a 317W specimen deformed at
900°C, 1.0 s” taken from a) a tangential section showing
auxiliary cracks, fissures, and pores about to link up. X 100, and
b) a longitudinal section near the failure zone exhibiting
stringers of & phase which contains fissures. X 600.

Fig. 52. The ductility of the 304, 316, and 317 as-cast alloys is
plotted against the ratio Creq/Niaq on a graph of published

results collected by Myllykoski and Suutala (109). The increase in
ductility as the ratio decreases from 2.0 to 1.5 is related to a
diminishing 8 phase content with 8 mode solidification. Below 1.5,
the drop in ductility is associated with the combined segregaticn
of & and impurities in y mode solidification. The present results
are in agreement if the change in solidification mode occurs at a
ratio of 1.5 ¥ 0.05.
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Fig. 53. Optical micrograph of a) a longitudinal section of 317C
deformed at 1000°C, 0.1 s’ showing cracks parallel to the
stringers of & phase. X 200, and b) a tangential section of 316C
specimen deformed at 1000°C, 5 s showing & stringers in
clongated form connected by pores and leading to surface grooves.
X 200.

Fig. 54. An optical micrograph of an undeformed longitudinal
section of a) 304C specimen revealing & ferrite along the cores of
the original dendrites. X 40, and b) 317C specimen revealing
interdendritic & ferrite. X 40.

Fig. 55. Optical micrographs of tangential sections of 317C
specimens a) recrystallized grain with & ferrite. X 100, b)
deformed at 1000°C, 0.1 s’ the DRX grains with & ferrite. X 100,
and c) deformed at 1000°C, 1.0 s DRX grains with § ferrite. X
300.

Fig. 56. Optical micrographs of tangential sections of 301W a)
deformed at 900°C, 5 s™ illustrates the small slightly elongated
DRX grains. X 300, and b) deformed at 1100°C, 5 s shows large
equiaxed DRX grains. X 150.

Fig. 57. Tangential section of 304W a) prior to hot torsion,

showing original homogenized grains. X75, b) deformed at 900°C, 5
s, refined DRX grains. X 300, c) deformed at 1100°C, 5 s'medium

equiaxed DRX grains. X 150, and d) deformed at 1200°C, 0.1 s,
coarse DRX grains. X 75.

Fig. 58. Microstructures on tangential sections of 316W a)
deformed at 900°C, 0.1 s”, very fine DRX grains. X 400, b)
deformed at 1000°C, 0.1 s”, refined DRX grains. X 300, ¢)
deformed at 1100°C, 0.1 s’ medium DRX grains. X 200, and d)
deformed at 1200°C, § s”, large equiaxed grains. X 150. These
four micrographs illustrate that DRX grains enlarge markedly with
nising T.
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Fig. 59. An optical micrograph of tangential sections of 317W
deformed at 5 s, a) at 900°C, refined grains. X 600, b) at

1000°C, medium equiaxed DRX grains. X300, and c) at 1100°C, coarse
equiaxed DRX grains. X 200.

Fig. 60. Optical micrographs of tangential sections of a) a 301W
specimen and b) a 304W specimen subjected to multistage
deformation at 1100°C, 1 s with 60s interval duration, leading
to a complete SRX microstructure.

Fig. 61. Tangential section ot a 304W specimen subjected to a
schedule where T has decreased from 1200-900°C, 1 s at 0.9°C/s.
The original grain diameter of 70um has been refined to 10um.

Fig. 62. Logarithmic plot of Zc VErsus Do (points with crosses)

and Z versus Dl with scale twice D0 (open points). For comparison
purposes, the values of Zc for alloys 301W, 304W, 316W, and 317W
and 0.16C (133) with an ideal original grain diameter of 50 pum are
indicated.

Fig. 63. A logarithmic plot of D versus o demonstrating

negative slopes of 1.23 and 1.31 for DRX and MRX, respectively.
Crossover points for 301W, 304W, 316W, and 317W determined from
plots such as Fig. 23 are shown. Published data are included for
completeness (138, 168, 174, 195).

Fig. 64. TEM micrographs of tangential sections of 304W a;b)
deformed at 900°C, 5 s, elongated subgrains, c) deformed at
900°C, 5 s', a DRV colony of subgrains surrounded by SRX
grains.and d) deformed at 1200°C, 0.1 s, large equiaxed
subgrains which grow markedly with increasing T.

Fig. 65. TEM micrographs of tangential sections of a 316W a)
deformed at 1100°C, 5 s the DRV substructure with DRX grains,
and b) deformed at 1200°C, 5’ the markedly large subgrains from
increased T.
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Fig. 66. TEM micrographs of tangential sections of 317W a)
deformed at 1100°C, 5 s illustrating large equiaxed
substructure, and b) deformed at 1000°C, 5 s* illustrating
decreased subgrain dimensions.

Fig. 67. TEM micrographs of tangential sections of 317W deformed
at 1000°, 1 s a) illustrating a DRX grain distinguished by
variations in substructure, b) illustrating a DRX nucleus, c)

grains, containing twins, growing statically into the

substructure, and d) a region of SRX grains nucleated around &
stringers.

Fig. 68. TEM micrographs of tangential sections of 317C deformed
at 1100°C a) at 0.1 s showing equiaxed subgrains within DRX
grains, b) at 1 s’ showing medium equiaxed subgrains, c) at 5

s'; diameter decreasing with rising &, and d) deformed at 1000°,

1 s illustrating the increase in aspect ratio as T declines.

Fig. 69. a) Plot of log subgrain size against log flow stress for
317C, exhibiting a slope of -1. Published 304W data are included
for comparison (87, 140, 272); and b) Plot of the reciprocal
subgrain diameter against log Z, exhibiting a linear fit. Due to 8
ferrite particles, the subgrains in 317C are smaller than those in

317W and published data on 304W (87, 140, 157, 260). The Z scales

are normalized to bring the condition 900°C, 1 s into
coincidence.

Fig. 70. Plot of log subgrain and cell sizes versus log of steady
state flow stress illustrating a -1 slope for a) 304W determined
from extensive research data (87, 140, 145-148, 260, 272) which
falls into a narrow band; and b) 316W as a function of stress for
both creep and hot torsion are compared with extensive data from
the literature (273-278). The transitions from subgrains to cells
with a slope of -2 are indicated for both alloys; in 304, the
large cells arise from creep-fatigue (148).
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Fig. 71. Hardness for 304C, 216C, and 317C is uniquely dependent
on Z as a result of changing subgrain size and is also strongly
affected by the volume fraction of & particles.

Fig. 72. Multistage torsional stress strain curves for 301W with
a stage strain of 0.2 plotted cumulatively. For a declining T of
0.9°C/s (1200-900°C), the strain rate is constant at either 0.1
(AA) or 1.0 s (BB) or rises gradually from 0.1 to 2.0 s™ (CO).

Fig. 73. Logarithmic plot of € versus sinh a6 according to Eqn.

17 for four sets of multistage tests on 301W: isothermal E and E’

at 1000 and 900°C and dropping T (1200-900%) for 0.1 5’1 (AA), 1.0
s"!(DD) and rising & (0.1-2.0 s') (CC). Isothermal continuous

data (FF’) are included for comparison.

Fig. 74. Plot of sinh ac against 1/T according to Eqn. 17 for the
same tests on 301W as in Fig. 72: isothermal continuous (F and F’)
and multistage (E and E’) and declining T, 0.1 st (AA), rising €
(CC), 1.0 s (BB), (DD). While the interval duration was 20s in
the first three, and 40s in the last.

Fig. 75. Plots of log sinh ac versus log Z for 301W draw data
from declining T but different € conditions into a narrow band
which is roughly parallel to the lines for isothermal continuous
and multistage deformation. In all cases, t = 20s.

Fig. 76. For 301W, the yield stress oyo. the maximum stress o
and the mean pass stress kP are plotted against pass number for
declining T (top scale) at 0.1 s (A), 1.0 s™ (B) and rising &
(C, bottom scale).

Fig. 77. Fractional softening for 301W during intervals of 20s
(A,B,C) or 40s (D) in multistage tests with declining T at 0.9°C/s
at 0.1 s (A), 1.0 s’ (B,D) or rising € (C). FS for isothermal
multistage tests are indicated for comparison. Some isothermal
data for the first and fifth intervals are provided. The

relationship of FS to xsax from metallography (174, 208).
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Fig. 78. ‘The initial strain state in 301W at the start of each
pass estimated by Eqn. 53. This is also proportional to the
unrecrystallized volume (Fig. 77) carried over from one pass to
the next in multistage tests with declining T at 0.9°C/s at 0.1
s? (A), 1.0 s (B,D) and rising € (C); T. = 20s (A,B,C).

Fig. 79. The time for 50% volume fraction recrystallized derived
by Egn. 24 from the FS data during each interval of multistage
tests at declining T for € of 0.1 (A) and 1.0 s (B) and rising €
(C).

Fig. 80. The kinetics of SRX according to the Arrhenius
relationship for multistage tests on 301W for both isothermal and
declining T tests. The latter has a lower Qsax since the strain
energy rises as T declines; this is partially compensated by the
2°%%, The 1, for Drastik and Elfmark (266) is much reduced
since the strain energy is higher due to € = 50 s™.

Fig. 81. A logarithmic plot illustrating the effect of € on
recrystallization rate (the inverse of t 5) for multistage tests
with declining T at 0.1 s (A), 1.0 s’ (B), and rising & (C).

Fig. 82. Two drawings of the planetary mill mechanism showing:
a) the positions of the planetary work rolls deforming material as
they revolve around the rotating backup rolls (279), b) loci of
points on the material before and after deformation by one pair of
planetary work rolls and the distribution of draft along the

bite (280).

Fig. 82. Two drawings of the planetary mill mechanism showing:
c) distribution of the slab to strip speeds as the material

proceeds through the bite from entry to exit, and d) distribution
of reduction and mean strain rate due to one pair of planetary
work rolls (280).
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Fig. 83. a) Series of continuous flow curves at different strain 148
rates up to the maximum attained in the planetary rolling mill and

the curve related to the series of flow stresses attained at

different points across the bite as different planetary rolls

impose the strain rates indicated, and b) representative o-€

curves of 301W, 304W, 316W, and 317W and the derivation of upper

mean flow stresses at the mean strain rate of 48 s’

Fig. 84. Curves showing the steady increase in planetary roll 150
separating forces as the material is increasingly deformed. These

curves, rising in the order 301W, 304W, 316W, and 317W, proceed

through a mean strain rate condition to a peak where they quickly

fall to zero. These are similar to the derived curve in Fig. 83a.

Fig. 85. A graph of planetary roll separating force per unit 150
width and instantaneous power requirements versus metallic solute

using the formulae of Buckman, Sparling, and Sims (33, 280, 281).

Calculated values are in good agreement with those measured at

Atlas Steel (282) and Nippon Yakin Kogyo (283).
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CHAPTER 1: INTRODUCTION

Since the highly corrosion resistant austenitic stainless steels have
excellent  formability and weldability, they are used extensively for
domestic and industrial applications. Furthermore, they retain  toughness
and ductility over a broad range of temperatures. While these alloys are
more expensive than carbon steels, ferritic stainless types, and aluminum,
they have a higher strength-to-weight ratio, so that less material s
required, particularly when used for structures or pressure-vessel  work.
These alloys also allow less material to provide the corrosion resistance
necessary for the life of the product. Moreover in architecture, these
alloys require virtually no maintenance and are far more aesthetic than
most other materials. Since the use of the 7y stainless steels for the
manufacture of components is ever expanding into the areas of nuclear
power, water pollution control, transportation and food processing, it was
important that a thorough study of their hot working characteristics be
undertaken.

To that end, types 301, 304, 316, and 317 were investigated. Since
these alloys are continuously cast, they were tested in that condition and
also examined in the homogenized worked condition. The alloys were
characterized through two  hundred and fifty tests performed under
isothermal and iso-strain rate conditions in the range 900 to 1200°C and
0.1 to 5 s'1 on a hydraulic computer-controlled torsion machine capable of
high strains. These experiments included continuous tests to fracture and

interrupted  tests which  simulate  multistage rolling.  Work  hardening,




dynamic and static restoration and fracture mechanisms were examined. In
addition, an analysis of their microstructure by optical and electron
microscopy was performed to develop a better understanding of their
mechanical and metallurgical responses to hot working with a view to
optimize their processing and mechanical properties.

In order to optimize the calculations of the mean flow stress which is
required to determine the force and simultaneous power requirements for the
hot working of these austenitic stainless steels, constitutive equations
were developed. From copious data in the literature, reliable values of
constants were established so that with only knowledge of the metallic
solute and original grain size, estimates of the peak stress which
favorably compare with measured values can be determined. Since cracking,
commonly at the rolled cdges, has a deleterious effect upon product
quality,  further  constitutive equations were derived which allow the
forming limit to be established for any hot deformation conditions.

Before proceeding with a thorough exposition of the present work, an
extensive review of the literature associated with the above ideas will be
reported. A  logical sequence of the test procedures and resulting
scientific  findings will be presented. Finally, the significance of these
results to the theory of hot deformation will be explained and conclusions

will be drawn.



CHAPTER 2
REVIEW OF PREVIOUS WORK

2.1 HOT WORKABILITY TESTING
2.1.1 INDUSTRIAL APPLICATION

In order to attain the most economic hot forming of alloys, it s
advisable to determine the strength, ductility and microstructural changes
through continuous isothermal! tests. Furthermore, to reduce the expense of
trial and error methods of improving product quality in hot working,
physical simulations in the laboratory with maintainenance of rigid control
over all variables at both the plasto-mechanical and  microstructural
levels, are recommended (1-37). Simulation of multistage hot forming
processes are performed mathematically with the models being primarily
computer analyses (30, 31). Several of these modelling projects have
realized accurate predictions of the roll separating force and power
requirements of a roll pass schedule in multistage rolling (32-37) and
single pass planetary rolling of several steels (1, 38, 39).
2.1.2 TYPES OF TESTING METHODS

In order to further understanding of the hot deformation behavior of 7y
stainless alloys, a wide wvariety of tests have been carried out. While they
have been performed in tension, compression and torsion, they have all been
primarily used to examine hot strength, softening modes, hot ductility,
microstructural evolution and multistage behavior (59, 11, 15-18, 22, 24,
30, 31, 34, 36, 40-43). Each of these modes have both benefits and
disadvantages which are discussed below.

The test method should be chosen for its ability to determine the flow

stress and fracture strain under the desired conditions of temperature,




strain rate, and amount of deformation which can be considerable, as in
planetary rolling (1, 38, 39). In addition, the test should allow the
accurate  simulation of interrupted rolling schedules (1-37). Finally, the
test method should allow rapid quenching which retains the microstructure
for examination at room temperature by optical metallography and electron
microscopy. - .
2.1.3 TENSION AND COMPRESSION

The strain and strain rates attainable with conventional tensile
testing equipment are inadequate for hot working studies. This mode has a
serious deficiency because necking commences at strains much lower than
those attainable in forming and prevents multistage testing in simulation
of industrial rolling schedules (40-45). Conventional axisymmetric
compression  testing suffers similar problems with respect to strain rate.
This problem is overcome by the use of the cam plastometer. While this mode
of testing is homogeneous to about 0.7, friction at the anvils results in
barrelling  which  limits the strain to about 2.0. While the alloy’s
resistance to hoop cracking can be examined, the fracture strain is not
determined directly. Since the area under compression and thus the friction
remains constant, plane strain compression is superior to the former mode
in that deformation is possible to a strain of approximately 5.0. The major
disadvantage of this testing method is the inhomogeneity caused by
frictional effects which vary with the ratio of anvil width to specimen

height (43-45).

2.1.4 TORSION
In the torsion test, the mode of deformation is pure shear in which

twisting at a constant speced produces a constant true strain and strain
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rate  which decreases linearly from periphery to the center of the specimen
(1, 42, 43). This gradient is mathematically corrected in the calculation
of these values. The specimen can be subjected to extremely high strains
wi.thout any frictional problems or geometrical instability  prior to
fracture which makes it suitable for multistage simulation (41-43, 46-56).
During the torsion test, the specimen has an initial tendency to lengthen,
but it later shortens. If constrained, the latter behavior imposes axial
tensile  stresses which reduce the fracture strain by enlarging any cracks
developed

The equations for converting torque, l'e, and rotation, Oc, into shear
stress, T, and shear strain, Y, for a solid specimen of radius, Rc. and
length, L, are (42, 43, 46, 49, 50, 52, 55):

Y, = Rc ()‘Z/Lc (1)
Fr=2mJetr d, ()
where T is the radial distance from the axis. The shear stress is zero at
the center of the specimen and increases linearly with the radius as a
result of both strain hardening coefficient n’ and strain rate  sensitivity
m. Considering this gradient across the specimen with radius R, where <t
depends upon both the strain, €, and strain rate, €, the following equation
is derived (42, 43, 49, 55, 56):
v =F (3+m+m) 2R, (3

T is the shear stress at the surface and n’ and m are the slopes of the
plots of log l"e versus log € and log I“c versus log €, respectively. During
hot working, n’ becomes zero at the flow curve peak and steady state (42,
49-52, 56). The following alternate analysis has been used by Cole and

Richardson (57) in order to avoid the use of n’ and m in the calculation of



the shear stress. An effective radius, R’, is used which for solid
specimens is 0.724 R’. The following equation:
1.=3T /2nR> @)

calculates the shear stress which approximates that determined by the
previous equation (52, 57). In order to compare with the normal effective
flow stress and strain derived by tensile and compression testing, the
equivalent stress 6 and strain € equal v3t and 'ye/s'B, respectively according
to von Mises theory. In order to avoid the problem of the gradient, hollow
specimens can be used but such thin tubes tend to buckle at relatively low
strains (58-62).
2.1.5 RELATIVE ADVANTAGES OF TORSION

Considering these three testing modes, the hot torsion test has become
the preferred technique for testing and optimizing hot working behavior
because no geometrical instability occurs during deformation (36, 43, 49).
In particular, it is capable of simulating a rolling schedule with several
passes by providing interruptions where the specimen is unloaded and held
for a prescribed period of time (1-6, 8-19, 24.31). The microstructures
near the surface must be examined in chord or tangential section, in order
to comrelate with surface € and o©. Because of the gradient, room
temperature mechanical  properities cannot be determined except by hardness
testing.
2.1.6 DEFORMATIONAL HEATING

As in all working operations, deformational heating occurs during all
testing modes. It increases with the product of the stress and the strain
without considering any temperature Joss due to radiation or conduction. As

€ increases, the time for the removal of this heat is reduced and the




conditions  approach  adiabaticc  This adiabatic  temperature  increase s
determined by the following equation (46, 63-78):
AT = If %, de/s p, &)

where the specific heat s, = 0.14 Jm® and the density p = 79 x 10° kg/m’
for austenitic stainless steels (79, 80). At high € with associated high o,
the temperature of the gage section increases substantially which leads to
a marked fall in flow stress. At low € and low T, the heat production is
slow and the surface temperature may remain nearly constant. Rise in T
increases as the gage length/radius ratio becomes larger (51). Adiabatic
heating must be considered when ductility is high because the real T ai
fracture may be higher than the nominal one, hence € may be lower at the

nominal T.

2.2 STRENGTH AND MICROSTRUCTURAL CHANGES DURING HOT WORKING
2.2.1 FLOW CURVE SHAPE

Throughout the hot working of alloys, the increase in dislocation
density is counteracted by the softening processes of dynamic recovery,
DRV, and dynamic recrystallization, DRX (30, 34, 36, 42, 49, 52-54, 74,
76-78, 81-92). If DRV is the only restoration mechanism, o increases
progressively up to a steady state flow stress, G, which is determined by
the balance of the work hardening and restoration effects (82-92). Aluminum
and ferritic steels exhibit this behavior (82, 83, 93-95). DRV proceeds
more slowly in the face-centered-cubic austenitic stainless steel, so that
the dislocation density attains a  sufficiently high value for the
initiation of DRX. As a result, the flow curve exhibits a characteristic
maximum followed by a decrease to the onset of a steady state regime as a

result of the reduced strength of the new grains (90-92, 96-101).




2.2.2 COMPOSITIONAL EFFECTS

The solutes in 7y stainless steels can be divided into three classes.
The ferrite-stabilizing elements, silicon and molybdenum, having a greater
degree of atomic mismatch, give rise to significant solid solution
hardening. Nickel, manganese and chromium, the substitutional austenite-
forming elements, have respectively low, medium and high effects (31, 89,
102, 103). Of the interstitially dissolved elements, carbon and nitrogen,
the latter gives rise to considerable strengthening, whereas the former
rise to softening due to an increase in vacancy diffusion and dynamic
recovery (82, 83). They both have great strengthening effect at low T where
carbides or nitrides have precipitated (104). While many elements augment
the strength of vy stainless steels, some have a negative effect upon hot
ductility. For example, molybdenum, oxygen and nitrogen produce deleterious
effects upon the hot ductility of types 316 and 317 stainless steels (42,
57, 103-108).
2.2.3 DELTA FERRITE EFFECTS

While &-ferrite increases the strength, it decreases significantly the
ductility (102, 109). The amount of ferrite is primarily determined by the
segregation of the alloying elements during solidification which occurs in
the primary ferritic or austenitic mode. In the former, ferrite nucleates
and later austenite begins to grow on the ferritic dendrites resulting in
an intimate network of two phases. The Yy grain boundaries, GB, are free of
ferrite but contain oiher impurities (110-112).

In ferritic freezing, the elements nickel, manganese, and molybdenum
segregate to the melt, while chromium does not segregate at all. In
austenitic freezing, chromium and molybdenum segregate to the melt, while

nickel is enriched in the austenite dendrites. Ultimately, & phase may




segregate with other impurities to the austenite GB, where it is much more
deleterious (110-112). However, the & also leads to corrugated GB and to
enhanced SRX in multistage forming, both of which raise €. The change
between ferritic and austenitic freezing occurs at Cr to Ni equivalents
ratio just below or equal to 1.5 (109).

2.2.4 WORK HARDENING BEHAVIOR

Work hardening which commences with yielding continues throughout
deformation being continually reduced by DRV. An analysis of the flow
curves reveals its behavior up to the peak strain, S, where restoration
finally balances the effects of work hardening. When the strain hardening
rate (0 = do/de) is developed as a function of the flow stress, the curves
for all deformation conditions diverge from a common intercept designated
as 90 at 0 = 0 and consist of two distinct linear segments (113-123).
Firstly, © decreases linearly with the flow stress over a significant range
of the o©-€ curve from 90 to where subgrain formation begins (¢ = 0.1)
(124-126). The ©-0 curve gradually changes to a lower slope, lincar
segment. Finally, the curve drops to 6 = 0 at cp, the point of inflection
indicating that DRX has become operative at o. An extrapolaton of the
second linear portion to © = O determines the value of the saturation
stress, o:, which would be the limit of the steady state regime due to DRV
alone in the absence of DRX (113, 122, 123).

The strain hardening rate at any given stress, O, within the region
where only DRV is operative is described by the following lincar equation
(101, 113, 114):

0 =6, (I- ol,). (©)

With the exception of small strains, © is related to 1/ with the slope
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increasing systematically with T and € These relationships result in the
following expression for the work hardening rate:
8=P (c/o-1), ™
where Po, the slope of 1/0: versus d(1/6)/dO, is relatively well described
by a straight line passing through the origin (101).
2.2.5 SATURATION STRESS AND DEPENDENCE ON T
The extrapolation of slopes in a logarithmic plot of c: versus T for a
given alloy, converge to a saturation stress at zero K. This saturation
stress  with a maximum wvalue of o:o falls wiih increasing T, and
logarithmically rises with increasing € to a maximum independent of
temperature  (120).  Furthermore, it also rises with decreasing stacking
fault cnergy SFE, which is exhibited by the high Mo bearing 317 with the
lowest SFE of the alloys examined. Consequently, the existence of this
saturation stress is a basic characteristic of work hardening and DRV

(113-115, 117, 119, 122, 123).

2.3 RESTORATION PROCESSES
2.3.1 REDUCTION OF 6 BY DYNAMIC RECOVERY

The alloy at the start of deformation experiences extensive work
hardening On, being constant during stage II because there is nc DRV (20,
113-115, 117, 119). But as deformation proceeds through stage III, ©
decreases rapidly due to DRV. The DRV results from climb and glide of the
dislocations. Insofar as DRV involves climb of edge dislocations, it has
the same T dependence as diffusion of vacancies and is found only at T high
enough for the atoms to have sufficient vibrational energy to enable
vacancies to migrate rapidly (88).

According to McQueen (82, 83, 86, 88, 95, 117), as work hardening
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builds up the dislocation density, the DRV proceeds by the dislocations
either annihilating each other or forming combinations and rearranging into
low energy sub-toundaries (86-90). This simultancous work hardening and DRV
continues up to where these mechanisms equalize. In alloys where recovery
prdceeds rapidly, the flow stress increases monotonically to a steady state
value which is deterriined by a balance between the accumulation and
climination of dislocations. During steady state, the dynamic stability of
the equiaxed subgrain structure with unvarying disnensions and
misorientation, is maintained by sub-boundaries continually being
unravelled and reknitted (86, 88, 90, 95, 117).
2.3.2 DYNAMIC RECRYSTALLIZATION BEHAVIOR

At room temperature, stacking faults are prevalent in  austenitic
stainless steels indicative of low SFE (127-131). The lower the SFE, the
greater the separation between the partial dislocations (65). Consequently
at high T, cross slip and climb are inhibited and DRV is slow. As a result
deformation leads to the development of a dislocation substructure in which
the subgrain boundaries remain tangled, not forming regular arrays as
observed in alloys with rapid DRV. Because of the limited DRV, sufficiently
high local differences in dislocation density arise to nucleate DRX during
deformation (34, 84, 86, 97, 99, 101, 131). The original grain boundaries
constitute the principal sites where DRX nucleation occurs partly by
bulging of the GB and partly from cells of high misorientation (132). The
boundaries of annealing twins are also nucleation sites. As deformation
proceeds, the original grain boundary sites are exhausted with formation of
a complete necklace (84, 98-100). The reaction proceeds via nucleation at

the interface between the recrystallized and  unrecrystallized  material,
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thus forming necklaces of new grains at the periphery of old grains until
they are consumed (99, 100). Obviously, the rate of DRX decreases strongly
with an increase in the original grain size D, (34, 84, 86, 97, 99, 101).
2.3.3 CRITICAL STRAIN FOR DRX INITIATION

When the strain reaches about 0.1 and as marked by the end of the
first lincar segment of the 6-¢ plot, subgrains commence to form (119, 122,
123). At a somewhat higher stress and dislocaton ensity, a critical
strain for DRX is attained (30, 31, 34, 36, 76, 77, 84-91, 93, 97, 99, 133,
134); this is marked by the downward inflection in the ©6-c curve (Sec.
2.24). Shortly, DRX acting in conjunction with DRV counterbalances the
strain  hardening. With steady state deformation continuing until fracture,
the DRX grains repeatedly reform remaining almost eguiaxed and containing a
DRV substructure (34, 74, 84, 86, 90-92, 97-100, 117, 131, 132, 135, 149).
The DRV substructure which develops in the DRX grains as they deform has a
dimension consistent with the stress and subgrain diameter in the original
elongated grains before the peak (87).
2.3.4 CYCLES OF DYNAMIC RECRYSTALLIZATION

According to Luton and Sellars (97), a single peak arises at high €
and low T because the strain interval over which the first cycle of
recrystallization occurs is much larger than E. That is, DRX nucleates in
the new grains when they reach € giving rnise to a grain refined
microstructure.  Several cycles of recrystallization overlap, thereby giving
rise to continual recrystallization (34, 84, 86, 97, 99, 136, 137).
Nevertheless, in such circumstance the first cycle of DRX comes to an end
at the onset of steady state, €. At low € and high T, one cycle of DRX

comes to an end without a second starting so that strain hardening takes
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place once again until a new wave of DRX causes repetition of softening. As
further waves of DRX occur, the process becomes sufficiently out of phase
in different local regions to make DRX effectively continual, thereby
resulting in a steady state flow stress (34, 135-137). The slow nucleation
behavior results in grain coarsening. The critical condition Z for
transition from single to multiple- peak behavior is D < D /2, where D s
the steady state grain size associated with Z‘c (136-138); grain coarsening
occurs with discrete DRX cycles at low Z and grain refinement from
overlapping DRX waves.

The DRX grain size D is uniquely determined by the steady state flow
stress, O being represented by an equation of the form (138-140):

c =BD™, (8)
where B is a constant and the value of the constant, r°, varies between
0.75 and 0.80 (31, 84, 86, 89, 90, 99,101, 131, 136). The wvariation in DRX
grain diameter with Z is expressed by the following equation:
D, = B'Z" )

where B’ and r* are constants, with r* having a value of about 0.2 for 7y
stainless steels (132, 138).
2.3.5 VOLUME FRACTION RECRYSTALLIZED

The progress of DRX cun be measured from its initiation at E up to
99% DRX which is achieved at the onset of steady state. The volume fraction
recrystallized, XDRX’ as a2 function of strain can be fitted to the Avrami
equation (30, 31, 99, 100, 141):

X =1-expl[ B (€-efore]  (10)

DRX

where ﬁDRX and k. are constants. While k. is essentially constant, BDRX

increases as € falls, T rises and Do decreases (101, 142-144). Nucleation
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proceeds rapidly after the critical strain, but starts to slow down as
space along the grain boundaries significantly diminishes. The old
boundaries become saturated at a low fracdon (20-40%) of DRX with the
result that another necklace begins to form at the boundary between old and
new grains. With the last 10% of recrystallization taking place at the
center of the old grain, the difficulty of nucleation results in it taking
about onc third of the total time (134).
2.3.6 DYNAMICALLY RECOVERED SUBSTRUCTURE IN DRX GRAINS

While DRX becomes the predominant softening mode during steady state,
DRV continues to produce an equiaxed substructure with misorientations
between 1 and 2 degrees (86-90). As substantiated by transmission electron
microscopy, subgrain size, d, is a swong funcion of o, with the
relationship :

o, =B"d". (11)

The similarity of this equation for DRV subgrains and Eqn 8 for DRX grains
is the result of the former defining the nucleation of the latter (23,
145-149). As cxpected from the constitutive equation described shortly, the
subgrain  diameter varies uniformly with the deformation conditions Z,
according to the relation (31, 84, 86, 87, 89, 90, 99, 232, 136):
d' =a + b log Z. (12)
2.3.7 EFFECT OF SUBSTRUCTURE UPON PRODUCT QUALITY

The  as-quenched substructure of an alloy influences its room
temperature  strength.  Therefore, the as-quenched hardness, Hv, as a
function of the subgrain size is expressed by the following equaton (22,
88, 132, 149-152):

H =H +hd™, (13)
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where Ho is the annealed hardness, h is a constant and m’ equals 1.5. The
hardness of alloys undergoing DRX increases with rising Z as a result of
increasing dislocation density. Consequently, hardness is related to log Z
through the expression (22, 88, 149-152):
Hv =a’ + b’ log Z. 14

The significantly lower hardness wvalues after hot working than those after
cold working are indicative of the low density substructures arising from
the softening effects of both DRV and DRX.
2.4. STRENGTH CONSTITUTIVE EQUATIONS
2.4.1 STRESS - STRAIN-RATE AND ARRHENIUS FUNCTIONS

Sellars and  Tegart (131) stated that independent of  whether
restoration proceeds by DRV alone or in conjunction with DRX, the € and T
dependence of the peak stress, G during hot working can be described by
relationships  successfully used to express creep behavior at low (Eqn. 15)
and high swesses (Eqn. 16) respectively (20, 31, 34, 96, 101, 13,
153-155):

A c:"= € exp (Q,/RT) = Z (15)
A" (Bo) = € exp (Q/RT) =Z (1)
where A’, A”, B, n”, QHw and R are constants. The Zener Hollomon
parameter Z describes the deformation conditions in terms of a T-
compensated €. These equations can be combined into the following equation
which accurately accomodates all flow stress values (20, 34, 131, 153-155):
A [sinh (aop)]“ = & exp (Q,,/RT) = Z (17)

This reduces to the previous equations at low (a6 < 08) and high (ac >
1.2) stresses respectively, with the constants A’ = A o, A" = A 2" and B

= on (34, 154, 155), n being the stress exponent, and R is the gas
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constant. Q. is the activation energy which is related to an activated
event in the hot working process.

There is interest in the T dependence of different phenomenological
features of the deformation in addition to that of the peak flow stress.
Equation 17 above is generally found to be satisfactory for determining the
activation energy at other defined points along the flow curve, these being
the yield stress, the critical stress/strain for DRX, and the onset of
stcady state and the fracture point. Since QHw of alloys undergoing DRX is
about 30% greater than that for self diffusion, a correlation of creep and
hot working data is clearly not feasible (20, 83, 84, 86, 131, 156). The
principal reason for this is that creep is controlled by DRV and DRX is not
usually found. From Eqgn. 17, a unique peak flow stress can be calculated by
the following equation (157):

o, =( 1/e) In { @A) + [ @A™ + 1)'7)  (8)
The Quw and n values collected for many steel compositions are presented in
Tables 1-4 (49, 57, 63, 76, 77, 119, 126, 152, 158-195).
2.4.2 TANAKA'S FORMULATION AND THE CHARACTERISTIC TEMPERATURE

In order to eliminate the constant A which varies considerably with
composition, Tanaka (196) developed an equation which involves a
characteristic temperature, T’, which is defined by:

T = Q,, / (R InA). (19)
This was shown to be constant for each alloy grade. The original hyperbolic
sine function is modified to the form:
c = (/o) sinh"((é/é(') ) exp [Q/R(I/T - T 9)) (20;
where € = 1 § is a unit parameter for stain rate A new analytical

approach to this equation has recently been developed by Cingara et al
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(197) who determined all constants. These constants allow a more precise
extrapolation  to high € representative of  industrill  hot  working
conditions. These empirical constitutive equations have been found to be
reliable for the calculation of force and power requirements of hot working
equipment operating at high € which far exceed those possible by laboratory
testing modes. .
2.4.3 KOCKS-MECKING ANALYSIS

Based upon the combined effects of work hardening and a variety of
mechanisms, the Kocks-Mecking (198) analysis of the T and € dependence of
the flow curve has resulted in the following equation (113, 114):

&k, = exp [T In (¢ /o)) RT} = (0 /o. )R, 21
where éo and ' are constants. The activation enthalpy, AH, described
by the following equation:
AH =T In(c, /o ), (22)

is strongly stress dependent, increasing with T as o: declines.  The
activation entropy alters this to give a constant activation free energy at
high T which approximates the QHW value determined by sinh ac analysis. The
term RT/I" = m is the strain rate sensitivity which is the reciprocal of the

9

stress exponent n’’ in the power law equation; clearly n”’ increases with
stress as T is lowered (113, 114).
2.5 MICROSTRUCTURAL CHANGES AFTER HOT WORKING
2.5.1 STATIC RESTORATION PROCESSES
Most hot working processes are performed with passes and interruptions
which are defined mainly by the capacity of the shaping equipment and speed

of the manipulators. The pause periods between these interruptions vary

from several hundred to a few hundredths of a second (22, 24, 30, 36, 89,
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91, 92). However, where it is possible the schedule should be designed to
control  the dynamically and statically produced microstructure which is
responsible both for forces in subsequent stages and for product quality
(1-37). Between these stages the following microstructural changes take
plz.acc: SRV and SRX, and grain growth, all of which are a function of time
(22, 36, 86, 134, 143. 199). While SRV takes place after deformation by the
annihilation of dislocations within the subgrains, SRX takes place by the
massive  climination of dislocations by the motion of high angle boundaries
(22, 31, 34, 86, 89). Unlike €, foo DRX which occurs at about 0.65 of the
peak stress, the SRX critical strain is much lower between 005 and 0.10
(132, 143, 200). If the critical strain is not attained, then softening is
only by SRV and saturates at a level of 20-40% (22, 117, 199-202).
2.52 STATIC RECRYSTALLIZATION

Static recovery proceeds immediately after deformation, whereas SRX
commences only after an incubation period in which time SRV may help create
the recrystallization nuclei (22, 86, 89, 106, 199, 201-207). By proceeding
first, SRV accounts for between 30 and 40% of the total softening in
stainless  steel and copper (22, 139, 208-210). Increased € and € raise the
rac of both these mechanisms because of the increased dislocation density;
however, it favors SRX by raising the driving force for nucleation. This
stored dislocation energy rises with increasing € and decreasing T and is
strongly dependent upon € (22, 24, 30, 34, 74, 89, 139, 168, 174, 199).
Because  nucleation occurs preferentially at  grain  boundaries, the density
of favorable sites increases with decreasing D, and hence an augmented
raic of static softening (31, 199). Since SRX 1is a thermally activated

process, the temperature  of holding  aftr  deformation  significantly
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controls SRV and the rate of SRX. In addition, increasing € lowers the
incubation time for the commencement of SRX (10, 12, 168, 174, 201, 202).

SRX proceeds similarly to DRX by the nucleation of new grains along
the grain boundaries (13, 130, 139), but does not form succeeding necklaces
of new grains. Because of lower €, there is a lower density of sites along
the boundary (84, 100, 205, 209). In addition, there is no concurrent
deformation to buildup substructure in the SRX grains and halt growth. As a
result, for strains less than € or ep these grains are larger than the DRX
grains produced after the peak (132, 168, 200, 205).

2.5.3 EFFECTS OF METADYNAMIC RECRYSTALLIZATION

When the strain for interruption exceeds € for DRX, the nuclei
existing when  deformation stops continue to grow  statically.  This
metadynamic recrystallization, MRX, proceeds very rapidly since there is no
need for an incubation period as for nucleation of SRX (13, 132, 168, 201],
202, 205, 208, 209). In spite of this increased rate, MRX wusually does not
go to completion due to the heterogeneity caused by the repeated cycles of
DRX. Unlike DRV which produces a substructure of homogeneous dislocation
density, DRX produces a somewhat heterogeneous distribution of dislocation
density due to the fact that some regions are deformed almost to €, while
others have been partly deformed (30, 31, 34, 86, 89, 90, 132, 205). SRX
occurs later in these latter regions with a reduction in the rate. Since
there is no additional DRX nuclei once deformation ceases, the MRX grains
are larger than the DRX grains (85, 132, 168, 205).

2.5.4 KINETIC EQUATIONS

Since the volume fraction, X
metallography, its Avrami kinetics can be determined by the following
expression (23, 70, 106, 139, 141, 204, 205, 209, 211, 212):

is readily obtainable by optical
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xsnx =1-exp ('BSRx tkSRX), (23)
where B and ksnx behave similarly as in DRX (Eqn. 10) but have different
values (130, 139, 174, 205, 206, 211-214). Since SRX kinctics depend
strongly on €, €, D, Z and T, the time for 50% recrystallized is
calculated by the following expression (209):

= Ay €7 D Z%exp (Qu,/RT), (24)

where the powers are constant for vy stainless steel. Once tos is known,

the grain constant Bsax can be deleted from the Avrami equation, thereby
allowing J'(SRx to be calculated by the following expression (26, 31):
= k
xswx =1-exp [ -0.693 (t/to.s)) SRX (25)

2.6 SIMULATION OF INDUSTRIAL PROCESSING
2.6.1 MULTISTAGE PROCESSING

In most hot forming operations where the material undergoes a drastic
shape change through a series of deformations, it is advisable that the
work hardening, dynamic and static restoration, and fracture mechanisms in
conjunction  with the microstructural changes be known in order to optimize
equipment design and product quality, thereby maintaining competitiveness
(1-37). With rest intervals often of varying time as in the plant,
interrupted tests te high cumulative € wunder both isothermal (1-6, 8-12)
and anisothermal ( 2, 4, 21-28, 30) conditions can be carmried out by hot
torsion. Multiple stage tests are now wused regularly to examine an alloy’s
softening behavior between passes and flow stress in a subsequent stage.
2.6.2 MULTISTAGE FLOW STRESS

The behavior of the flow curves derived from multistage tests is a
sensitive measure of an alloy’s structural development. The previous pass

has a fundamental influence on the softening in an interval. ft may be




augmented by unrecrystallized material which entered the pass from the
previous interval (10-12, 21, 22, 26-28, 199, 203, 206). SRV and SRX during
the interval lower the fiow curve (10, 22, 30, 31, 86, 89, 199, 203, 206,
215). In comparison with the continvous and with the initial flow curves,
the shapes after interruption reveal the microstructural states at the end
of the interval; this is known as mechanical metallography (199).
2.6.3 ISOTHERMAL INTERRUPTED DEFORMATION

With  isothermal interrupted  deformations, a  specimen is  usually
deformed at the desired temperature to a given strain after which it s
unloaded and held for increasing intervals. Following this, it is reloaded
at the same € and T. When the interval is very short, the reloading flow
curve quickly rejoins the continuous curve (10, 19, 22-24, 193, 199, 215).
With rising interval, the magnitude of the yield stress on reloading is
governed by the microstructural changes brought about by SRV and SRX. When
full SRX occurs, the second flow curve becomes almost identical to the
first with the difference being attributable to the change of SRX grain
diameter, DSRX (10, 22, 199, 215).
2.6.4 DETERMINATION OF STATIC SOFTENING

This fractional softening, FS, in the i’th interval, is evaluated by
the following quotient (21-26, 199, 201, 202, 215-219):
/o -0 yol (26)

where O'yo is the original yield stress, c is the flow stress of the i'th

FSi =1 O ™ oy(iﬂ)

pass, is the reloading yield stress. Since FS as defined includes

o
yGi+1)
SRV which accounts for approximately 30% of the total softening (22, 139,

201-203), an equation has been developed which separates the SRV from the

SRX (24):
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FS = (1-[1/(1+ @m0 - Xg) + Xg QD)
where t is the interval and 1t ‘s a characteristic time for SRV, related
to the interruption strain and temperature. This has been evaluaied by
Barraclough and Sellars (139), at a strain of 0.25 and expressed by Roberts
in the following form (30):

FS=l-cxp(-20XSRx)-O.2(l-X (28)

srx )
Through multistage tests, fractional softening can be determined using Eqn.
26 after which X~ can be calculated from Eqn. 28. Using the time for 50%
volume fraction recrystallized, t ~ can be derived from substitution of the
values in Eqn. 27 (24).
2.6.5 GRAPHICAL DETERMINATION OF FRACTION RECRYSTALLIZED
A graphical method for direct determination of XSRx from Eqn. 26
employs a special definition of the reloading stress (81, 220). The first
flow curve, placed over the reloading flow curve so that their stress
maximums coincide at the same €, is back-extrapolated to the line of
unloading. To take account of refinement in grain size due to SRX after the
first pass, the reloading curve which represents complete SRX is
superimposed on to the second flow curve to give a different extrapolation
value. It is found that the large grained initial curve underestimates
Xsux. while the fine grained reference curve overestimates it. An average
of these two wvalues has only a slight error relative to the metallographic
results.
2.6.6 SOFTENING MECHANISMS AND ENVELOPE CURVES IN MULTISTAGE TESTS
The static restoration mechanisms operating during an interruption can
involve, (a) only SRV, (b) SRV with partial SRX, (¢) SRV with complete SRX

effecting a grain size varying from finer to coarser than the original, (d)

SRV with MRX followed by SRX (10, 12, 22, 36, 199, 201, 202, 215). In
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multistage tests, the degree of softening depends not only upon the
previous deformation, but on the accumulation of strain which results from
incomplete  softening  between earlier passes. Regions  with  substructures
representing the sum of several preceding passes produce a finer
recrystallized grain size (10, 25, 26, 215). This effect becomes more
important with high processing rates and low T which are found in the final
passes of continuous mills (1-3, 8, 9, 13-19, 36). The presence of solute
and precipitate stabilizes the substructure thereby slowing SRV and SRX,
particularly with HSLA  steels where niobium  precipitates  significantly
decrease SRX at low T (221).

When plotted against accumulated strain, the pattern  of  successive
stress curves influenced by varying degrees of softening or of accumulated
strain defines an envelope curve connecting the maxima (10, 12, 19, 30,
199, 215). Short intervals which leave no time for SRX lead to an envelope
close to the continuous curve as DRX occurs due to accumulated €. Limited
partial SRX, cooperating with DRX, lowers the pass flow curves and with
similar softening in succeeding interruptions develops an envelope curve
which is generally lower than the continuous curve. Greater partial SRX
moves the pattern towards that described below for complete SRX. Complete
SRX to Do leads to the repetition of the first flow curve providing a
saw-toothed appearance and an envelope curve which is higher than the
steady state values of the corresponding continuous curve. While SRX to a
finer grain diameter leads to a higher envelope curve, SRX 1to a coarse
grain diaeter leads to a low one possibly below the steady state.

2.6.7 ANISOTHERMAL MULTISTAGE SCHEDULES

While the isothermal multistage hot torsion test is an  excellent
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vehicule for the examination of an alloy’s softening behavior (1, 5, 6,
8-12, 14-16, 215, 221), anisothermal testing where the temperature is
continually declining is a truer simulation of industrial processes (2-4,
17, 21, 22, 25-28, 30, 31, 35, 36, 199). Likewise, the strain rate is also
increasing from pass to pass as the material becomes thinner and moves
faster as in continuous hot rolling. The variables controlling the final
microstructure  arc  pass €, éi, interval, t and T, (21, 25-28, 199). Since
the temperature at reloading, T‘M), has decreased from that at unloading,
T.' the ecquation for calculating FS under isothermal multistage conditions
is inadequate. Thercfore, the following expression has been developed
taking into account declining T and retained strain (21):
F§.=[c_ -0© . (o'y‘/o'y(m))] /(o - o’yi) (29)

y(i+1)

where O eh) is the yield stress due to incomplete softening and

accumulated strain at T . Both o’ and o are the yield stresses of
i+l n y(i+1)

recrystallized metal, one at Ti and the other at T these are

@i+1y
calculated from the constitutive equations. Under isothermal  multistage
conditions, where o’yi = 0;6”) . Eqn. 29 reverts to Eqn. 26.
2.6.8 MATHEMATICAL MODELLING
In most industrial hot rolling, the reductions are below 30% (¢ =
0.2), and consequently less than € for DRX. Roberts (30) developed the
following equation which accurately fits experimental data of alloys with
high SFE where DRV rapidly occurs:
o:ln(c:/o)-c=Poe (30)
where o: and Po has the same meaning as in Eqn. 7. and Sec. 2.24, Since a
knowledge of the flow curve occuring before the peak is required for the

determination of the mean flow stress, an equation based upon the peak flow

stress/peak  strain  relationship has been developed. This is a practical
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method  because op and ep arc readily determinable for the deformation
conditions from the constitutive equations. The equation has the following
form (197):
(©/0)=1lefe)exp (I- € £)I° ()

where ¢ is a constant less than unity which rises as Z decreases. This can
be used in conjunction with the finite element method where the flow stress
at each grid point is a function of € € and T as they develop during
processing.

When the total curve is required as in planetary rolling simulation by
hot torsion (1), the resultant work hardening and softening determines flow
curve  shape  throughout the steady state regime. The curve  with
consideration of only the DRV softening kinetics, comforms to the following
equation (222):

6=0_+B [1-exp (CeNT, (32)

0
where o , the initial flow stress and the constants Bo’ C’, and m; all

depend u::)n Z. The gradual softening by DRX, Ac, from the DRV steady state
is described by the Avrami type expression in terins of strain (222):
Ao =B, (1-cxp[-BE-age)/ ep]m;: (33)

where a, B, B, and m’’ are constants and e cquals the critical strain
for DRX. For high Z (low T and high €), e increases thereby raising the
value of Ac. The entire flow curve can be derived by subtracting Ac from
the flow stress determined for a given strain by Eqn. 32 (222).
Incorporating the same principles into one equation, Roberts (30) proposed

the following expression:

5=Clspo-C2{1-exp[-B

k
DRX(£ - ec) DRX 2 (34)

where Po has the same value as in Eqn. 7, Cn' C2 arc constants and all
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other symbols have the same meaning as in Egn. 10. Recent work by Roberts
(30, 31) has been reasonably successful in deriving a series of curves for
anisothermal ~ deformation with increasing € and decreasing t (219). In
addition, comprehensive  knowledge  of the softening  kinetics  for

anisothermal interruptions is required for accurate curve modelling.

2.7 HOT DUCTILITY
2.7.1 FRACTURE MECHANISM AND EFFECTS OF DRX

Fracture in hot working occurs by w-type cracks forming at triple
junctions as a consequence of  stress  concentrations  produced by
differential shearing along GB (20, 22, 86, 131, 223-230). In addition,
irregularities in the original GB may give rise to pore formation. With
continuing  deformation  these fissures (a) grow by additional shearing,
plastic extension and vacancy diffusion along GB and (b) link up to give
intergranular  fracture. Cracking may also commence at second phase
particles depending on their flow behavior relative to the matrix (91).

When DRX is the softening process, grains are being continually
nucleated along the existing grain boundaries which causes GB migration
away from the fissures preventing their propagation. However, further
growth occurs by the fissure capturing a moving grain boundary for a period
of time. New fissures can appear and grow along the grain boundaries of the
new grains (20, 22, 86, 225-227).

2.7.2 COMPOSITIONAL EFFECTS UPON HOT DUCTILITY

Solid-solution alloying increases the strength and lowers  ductility
during hot working (22, 34, 89, 101, 131, 229, 230). Solute hardening
reduces intergrain accomodation and raises the stress concentrations. In

addition, solute obstructs GB migration (106, 131, 231-235). As a resul,
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fissuration is augmented and fracture occurs at a lower €& The hot
ductility of two-phase stainless steels is significantly reduced (34, 41,
89, 101, 131, 227, 233-242). Nevertheless, there is a ductility trough at
about 30vol% & (173, 243-245), after which the ductility rises. Fracture is
initiated by interphase  cracking where most of the deformation s
concentrated in the austenite (246). Therefore, fracture in as-cast alloys
is often initiated in areas of interdendritic segregation where there
exists the greatest differences in stress distribution (22, 34, 86, 89,
131, 226, 228, 241).

2.7.3 FRACTURE INHIBITION DEPENDENCE ON T AND ¢

Many alloys exhibit a ductility peak between low and high €. In the
case of low € , when DRV is the only operative softening mechanism, there
exists a low € region where high T mechanisms weaken the grain boundaries
through GB sliding. Moreover, the proportion of straining due to GB sliding
rises, so that there is more cracking (22, 34, 89, 101, 131, 226, 229,
230). When high € are applied, impeded recovery and resulting strain
hardening reduce grain accomodation leading to high stress concentration
between the grains. For € between these two regions, the DRV is sufficient
to give the maximum ductility; as T increases, the peak shifts to higher ¢
(228, 246-248).

During hot working, a sufficient driving force is required for the
initiation of DRX. However, at very low & where DRV is very active, DRX
does not proceed due to an insufficient driving force. At very high €, the
critical strain is raised as concurrent  straining  inhibits  nucleation.
Consequently, DRX only intervenes at some intermediate € As T rises,

ductility is increased by faster DRX (22, 34, 89, 131, 229, 230) and the
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ductility-strain rate maximum to lower £ (247).
2.7.4 FRACTURE CONSTITUTIVE RELATIONSHIP

As in creep, the stress concentrations inducing w-cracking rise with
the general stress level. Since the sinh  relationship is valid for
correlating strength data for hot working, the following strain
constitutive equation is used for fracture (34, 131, 249):

te = A_(sinh axsp)™ exp (QyRT) (35)

Because the lines are parallel in a logarithmic plot of fracture time te
versus sinh ac it is possible to obtain a Qf from a plot of log oo,
versus 1/T at constant € The difference in ne and Qf values for strength
and fracture data is a measure of the strain rate effect. As with strength
data, the use of the temperature-compensated parameter (34, 131, 249):

Z; = t; exp (-QYRT) = A (sinh acp) ™ (36)
permits the correlation of data for different T and € on a single straight
line.

In consideration of triple point cracking, the time to fracture is
dependent on the size of the DRX grains as described by the equation (249,
250):

te € = [y'8x (1 - v)/ uD 1 (37
where ¥’ is the surface energy of the fractured surface, v is the Poisson
ratio, B is the shear modulus and D. is the diameter of the DRX grains and
is taken as the length of the sliding grain boundary. Substitution into
Eqn. 37 gives the following equation (249):
te=1[v8rx (1- vy uD''? A’ [sinh aop]'" Q,,/RT) (38).
Unfortunalely, the fracture time determined by this equation is 2 to 3

orders of magnitude lower than those measured experimentally. The reason
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appears to be the intermittant growth of cracks which are stopped as the
grain  boundary nmigrates away from them during DRX. Each time
recrystallization  occurs,  cracks are  effectively  blunted and stress
concentrations must build up on a newly captured grain boundury by sliding
before the crack can propagate (249, 250).
2.7.5 DUCTILITY CONSTITUTIVE EQUATION BASED ON RATE OF DRX

From an analysis of Elfmark (251, 252) of the experimental fracture
strains, € and recrystallization kinetics for alloys, the data are fited
by the following equation:

-(3+k’)

€ = E ZDRX o (39)

s
where E is a constant, ZDRX is the Zener Hollomon parameter related to the
onset of steady state, and k’ is derived from a piot of the values of D
against the respective steady state flow stresses. This indicates  the
fundamenta! dependence of ductility upon c, that is, the rate of DRX.
Considering the temperature-compensated-time, WDRX for DRX (3, 174,
251,252):
Wk = toax €XP (-Q /RT) (40),
an appropriate equation for the fracture strain in terms of the imposed
deformation conditions is derived as:
g = E' [ &exp (Q,/RTI™* (D)

where QDRx is the activation energy for DRX.
2.7.6 HOT DUCTILITY ENHANCEMENT IN MULTISTAGE PROCESSING

During interrrupted deformation, structural changes take place  which
are reflected in the hot ductility., As the interval increases, the

ductility also rises due to GB migration during SRX. When the initial

interruption € is large and the interval long, the growth of cracks is
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inhibited by the completely recrystallized structure (22, 106, 229, 230).
When the interruption € is small and the interval short, the growth of the
small fissures is inhibited even by partial recrystallization. =~ However,
when due to solute and precipitate effect, large cracks form in the first
pass and the amount of recrystallization is insufficient to replace the
initial structure, fracture strain is not improved (22, 106, 180, 229, 230,
233).

2.7.7. TORSION/TENSION DUCTILITY COMPARISON

In the tension test the necking instability occurs at the elongation
at which the strain hardening rate diminishes to a low level as analyzed by
Considére. However, once necking starts, the reduction in area depends most
clearly on the fracture mechanism. Intergranular fissures or cracks in
brittle segregates or interphase decohesions are opened up by the triaxial
tensile stress (34, 246, 253). This 1is usually represented by the mean
stress which is one third of the sum of the principal stresses; as necking
occurs, it rises above one third of the tensile stress (42-44).

In torsion there is no basic instability. The above cracks are
initiated by the shear strain, but with 2zero mean stress, they do not grow
as rapidly as in tension. Thus in torsion, true fracture strain is usually
much higher than that in tension. In primary metal forming, the applied
stresses are mainly compressive so that a compressive mean stress retards
the opening of cracks. However, fricion with the tooling often gives rise
to secondary tensile stresses in some regions which can cause cracking
especially if associated with non-uniform  cooling, for example, edge
cracking in rolling (65, 253).

The ductility in tension is measured by the reduction in area, R, of
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the specimen at fracture; the true strain at which the alloy fractures is
given by the following equation (65, 254):
gg=In(1/1-R)) (42)
At e>1, the ducilities are empirically related by the following
expression (254):
g; (torsion) = {e (tension))” (43)



CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 EXPERIMENTAL OUTLINE
3.1.1 RESEARCH PROGRAMME

Because of the need for a more thorough understanding, than that
appearing in the literature, of the hot deformation characteristics of four
common 7y stainless steels of similar quality, a comprehensive research
programme was undertaken. The heterogeneous as-cast materials which exist
at the start of rolling were analyzed to examine their flow curve behavior
and microstructural evolution in order to find out the influence of
segregated  ferrite.  The  hot  working  characteristics of the  worked
homogenized materials were similarly observed to see the influence of the
dissolved elements in the absence of & ferrite.
3.1.2 TESTING OBJECTIVES

In order to accomplish the following research objectives, two hundred
and fifty torsion tests were conducted on a computer controlled torsion
machine located within the Department of Mining and Metallurgy, McGill
University. The following goals were set:
(a) Determination of the flow stress versus strain in the 900-1200°C

temperature range at strain rates 0.1 to 5.0 s™.
(b) Determination of hot ductility by tests to fracture.
(¢) Determination of the dynamic structural evolution in specimens deformed

to € = 5.
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(d) Analysis of flow curves for the development of constitutive strength
and ductility equations.
(e) Analysis of work hardening, DRV and DRX behavior through the use of
0-0 curves.
(f) Examination of DRV and DRX by optical and electron microscopy.
(g) Determination of the room temperature hardness of the retained hot
worked substructure.
(h) Examination of SRX through multistage testing with increasing pause
times.
(i) Simulation of multistage rolling with declining T.
(j) Mathematical modelling of the high reduction planetary rolling mill.
3.2 MATERIALS
3.2.1 CHEMICAL COMPOSITIONS
The chemical compositions of types 304C, 316C, 317C, 301W, 304W, 316W,
and 317W  austenitic stainless steels, supplied by Atlas  Steels, are
presented in Table 5. In addition, the total metallic solutes, S, and D
are included.
3.2.2 SPECIMEN PREPARATION
The as-cast specimens were cut from a 127mm thick continuously cast
slab with their axes in the casting direction, while the worked materal
was prepared by soaking at 1200°C forging to 50% reduction, rcheating and
rolling to 19mm thick plates. Torsion specimens (215, 255) (Fig. 1) from
both materials were similarly machined (2Rc= 6.25mm, Le = 25.4mm) to close
tolerances in the gage section with their axes parallel to the casting and
rolling directions, respectively. All specimens were annealed in vacuum
pouches for 30 minutes at 1050°C and then rapidly quenched in water to

avoid the harmful effects of carbide precipitation.



36

Bupoeds wae 271Jpudp ‘Isud Jd0)

? ba be
4 Y IN Y 4D fajnjos (810} ‘SJ3Z[[1q¥}S @+

toz|s ujesd ruijjug on¢ *S1Way JwWeS ayj) J0U paJoM pue jse),

£ 26°1 ¥'st vee 2L 166 8°1< - 02t HY 'l <26 ougl - v0oG" <20 EL°L sE0° 0Lt
S - - - 1S L'SE 8°I< 19 0Ll - 88°'Cl 22°€ 09°'8l b° VOO' 20’ €L°'l SEO° M LIE
0¢ 65°v S'EY G°12 €9 126 ('8l - 01! - 2h’2l 9L'2 26°91 2G8° L00' 220° %¥8°'l L10° D 9lE
- - - - 09 8°'IE 1°'61 Lt ovl 92° G021 €L°2 OV'91 29° (100" VweEL® 18°'1 O10° M 9lE
1€ g2t 11t ®¥°'61 V9 1°22 v'8l - 0s2 - 89°8 80°G 1£°81 89 200" 020 9L°'l 690° 3 voE
- - - - - 6'8¢ 9°'81 St 064 - P XA ] 82°0 82°81 Lvy° 800" o0€c0° 2L°'1 ¢290° M voce
- - - - 99 6°'9C¢ t£°LL EV 061 - 6L 02°0 21°L1 S 200" 9e0c” 21 Ol M ot
% % % wri % % Rdd Hdd 47 NOIL
eseyd @ be be o “los fquys . 2 - 104802
e A IN 43 a "0} Q 0 N nj iN ol 40 IS S d UK J 1331s

+

+

+

-qu_d(. 1SYD-SY ANV (INHOM ¥Od (%) SNOLLISOJWOO “TVOINTID :§ HIdvl




37

3.3 HOT TORSION TESTING
3.3.1 TESTING EQUIPMENT

On a closed-loop servo-controlled hot torsion testing machine (10, 12,
19, 25-28, 35, 215, 255) (Fig. 2), torsional displacements were applied to
the test specimen through a rotary hydraulic actuator and measured by a
rotary potentiometer. Mounted at- the other end of the lathe bed is a
strain-gage, torque-cell transducer which measures the force developed in
the specimen. The system is capable of speeds from 0-1500 RPM, a maximum
torque of 113Nm (1000 inch-pounds) and a maximum of fifty turas which far
exceeds the normal ductility. The speed and direction of rotation of the
motor is controlled by a servo valve which proportions the hydraulic fluid
to the electrical signal magnitude. The control function is generated by a
PDP-11/4 mini-computer. While the threaded end of the specimen is secured
into the grip mounted on the load cell, the other end is engaged into the
rectangular recessed rotating grip. The load cell end of the machine is
tighttned on the ways just prior to testing in order to avoid axial
compression of the specimen; normally, a 2mm clearance was left at the
rectangular end to allow for thermal expansion. The specimen was heated in
a six eclement radiant fumnace which 1s capable of temperatures up 1o
1250°C. The temperature was controlled by a Leeds and Northrop 1300 process
programmer. Oxidation of the specimen was prevented by a constant flow of
high purity argon inside the fumace. After five minutes homogenization,
the specimen was tested to fracture or a fixed strain of 5.
3.3.2 STRESS DETERMINATION

In calculating the equivalent flow stress, ¢, from the torque, I‘c, and

the equivalent € Eqns. 2 and 3 (10, 34, 36, 42, 49, 52, 55, 56, 74, 76,
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84, 89, 96, 101, 131, 167, 168, 215, 255) were used. As an approximation,
the value of the strain hardening coefficient, n’, was taken as zero as it
is at cp and in the steady state regime. For other points on the curve this
represents a small error. The value of the strain rate sensitivity, m,
which is the reciprocal of the stress exponent, n’’, (10, 34, 36, 49, 52,
55, 56, 74, 84, 89, 101, 131, 215, 255) in the power law, was determined
from the slopes of log I‘c versus log € depicted in Fig. 3a-d (49, 182,

184). Generally, m decreases as T declines.
3.3.3 MULTISTAGE TESTS FOR STATIC RESTORATION ANALYSIS

In  multistage tests, the program provides for pass  strain,  strain
rate, unloading, and interval without change in temperature or removal from
the furnace (10, 12, 14, 22, 26, 36 52, 74, 86, 174, 180, 193, 215). These
tests were carried out on all alloys in both the as-cast and worked
condition at 0.1 and 1 s'l, 900 and 1000°C and had a constant piass  strain
of 0.2. In any one series of six passes, the intervals were either 20 or
40s. Any specimen was heated in about 5 minutes by means of a
dual-elliptical radiant furnace to the test temperature of either 900 or
IOOOOC, held for 5 minutes before deforming to a total strain of 1.2. At
the end of a test, the specimen was withdrawn from the furnace axially and
spray quenched with water within 2 seconds.

In order to analyce the progress of softening with increasing
interval, a multistage test was developed which allowed for the
determination of static restciation up to the fully recrystallized stae.
From a review of the literature (168, 174), the times to attain this at 900
and 1000°C (1 s') were established and ultimately verified by optical and

mechanical metallography (199). The tesi consisted of a prestrain of (.4
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and interval for full recrystallization, followed by a pass strain of 0.2
with the subsequent interval programmed to increase in  logarithmic
increments. The fractional softening for each interval was calculated by
Eqn. 26. Using mechanical metallography (199), and conversion from FS to
Xox (Sec. 2.64) (24, 30, 139, 174), the sigmoidal S curve was determined
in accordance with Eqn. 23 (Sec. 2.5.4).
3.3.4 SIMULATION OF BAR MILL BY MULTISTAGE TESTS

The simulation of a cross country bar mill consisting of seventeen
stages in which the pass strain was constant at 0.2 and the interval was
either 20 or 40 s was performed on all alloys. The strain rate was
controlled in three ways: a) constant at 0.1 s', b) constant at 1 s', or
¢) increasing from 0.1 to 2 s' with T declining from 1203 to 905°C at a
constant rate of 0.9°C/s (= SOOC/min). The specimen was quenched within 2 s
in order to observe microstructural evolution.
3.3.5 PLANETARY ROLLING SIMULATION

While many small planetary rolls deform the slab successively as it is
being reduced 93% in one rolling operation (38), the time between each
deformation is about two hundredths of a second which is not long enough
for any static restoration.  Therefore, while this is essentially an
interrupted  rolling  operation, the continuous flow curves and the

constitutive equations are used for calculation of forces and instantaneous

power requirements (1).

3.4 MICROSTRUCTURAL EXAMINATION
3.4.1 OPTICAL AND ELECTRON MICROSCOPY
Tangential, longitudinal and transverse samples were cut from specimen

by means of a slow-running, diamond wafering bladed, cut-off saw,
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lubricated with kerosene in order to minimize disturbance of the DRV and
DRX microstructures. After mounting, they were prepared by wet grinding
with progressively finer silicon carbide papers, 240, 320, 400, and 600
grit. Initial rough polishing was achieved by use of 6 micron diamond paste
on a nylon cloth and 1 micron diamond on microcloth. Final polishing was
carried out using 0.05um alumina- on microcloth. All samples were chemically
etched by immersion at about 20°C for times of 1-3 minutes depending on the
deformation conditions with those at the highest T requiring the shortest

time. While the etchant for 301 and 304 was 30ml HF, 10ml HNO, and 20 ml

3
glycerine, for 316 and 317 it was 10ml HNO3, 10m] HC?-H:;O2 (acetic acid) and
15ml HCl (256). Grain sizes were determined by the the three circle
intercept method in ASTM Standard E112 (257) with the mean intercept being
multiplied by 1.68 for determination of the grain diameter (168, 174).
3.4.2 TRANSMISSION ELECTRON MICROSCOPY

In order to observe the DRV effects upon the substructure, slices were
cut from tangential sections as for optical observation. These slices for
transmission electron microscopy (TEM) were cut, 0.5Smm below the surface.
After being ground parallel, they were chemically thinned to 50 um in a
solution of 20% perchloric acid in butoxyethanol at -4°C and 18V. Finally,
3mm discs, punched from the slices, were prepared by double-jet thinning
with the above solution and operating conditions (258). The TEM
microstructural analysis was performed on a CM Philips electon microscope
at 125kV. The size of subgrains was measured by the same methods applicable
to grains (257).
3.43 HARDNESS TESTS

In order to determine the room temperature strength, microhardness
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values were acquired from all specimens subjected to continuous deformation
and quenching . Due to the surface condition of the gage sections, the
Rockwell tester was chosen in preference to the Vickers tester which could
not provide accurate readings. Rockwell hardness readings were also
obtained from tangential sections, 0.Smm below the surface. The readings
from both preparations revealed similar values with negligible variations.
The Rockwell superfical number was converted to the Vickers number (259)

and plotted for analysis of hardness behavior.



CHAPTER 4
EXPERIMENTAL RESULTS

4.1 FLOW CURVE CHARACTERISTICS
4.1.1 FLOW CURVE SHAPE

Representative flow curves for both as-cast (C) and worked (W)
materials deformed in hot torsion are presented in Fig. 4a-d (184, 191). In
hot working, the flow curve, after yielding, exhibits simultaneous work
hardening and DRV until DRX is initiated at ocand ec(Sccs. 2.2.1-2.2.3).
Then, the curve reaches opand epwhcrc work hardening and restorative
mechanisms equalize. With the latter mechanism becoming predominant, the
curve declines to a steady state regime where both DRV and DRX continue to
operate in conjunction with deformation wuntil fracture intervenes at o,
€. While the 304C, 316C and 317C  fractured shorly after the peak at ¢
< 2, the worked alloys, including 301W, fractured at € = 14 at high T and
low €& While most curves show a single peak, the ones with the lowest value
of Z in each case have a periodic form. An extrapolation of any curve
beyond Cc, E to c:, which is defined below, would be the curve shape duc
to DRV alone in the absence of DRX. While the € values for 304C, 316C, and
317C alloys were 0.71, 0.66, and 0.72 €, they were lower for the worked at
0.61, 0.64, and 0.65 e, with 301W being 0.67 e Generally, c, and €
increase as the deformation T decreases and € increases.
4.1.2 STRAIN HARDENING 6-0 CURVES (6=do/de)

These flow curves have been further analyzed by determining 6 as &

function of stress up to S, Fig. 5a-h (113, 119, 123, 126, 191, 2060),

(Secs. 2.2.4- 23.1). All generated curves diverge from a common intercept
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at o0=0, designated as Bo. Each curve consists primarily of two distinct
segments. Firstly, © decreases lincarly with the flow stress (Sec. 2.2.4)
over a significant o range of the o-€ curve from 6 to where subgrain
formation begins. Secondly, the 6-0 curve gradually changes to a lower
slope, linear segment. Finally, the curve drops towards 6 = 0 (at op) from
where the inflection at o, indicates that DRX has become operative (Secs.
2.3.2, 2.3.3). An exwapolation of the second linear portion to 6 = 0
determines the value of o: Since the flow curves for the as-cast alloys
rise to higher c, at lower e than those for the worked, the values of 90
are correspondingly higher, being 3625, 3905, and 4586 MPa for the as-cast
304, 316, and 317, respectively compared to 3395, 3572, and 4295 MPa for
the worked. Both 301W and 304W have the same value. A comparison of 6-C
plots for 304 and 317 in both the as-cast and worked condition with that of
other work (113, 119) at 900°C shows the locations of o followed by full
points indicating intervals of € = 0.1 in Fig. Sh. The end of the first
linear segment where subgrain formation commences is also noted.
4.1.3 KOCKS-MECKING ANALYSIS

In a plot of log o: as a function of T, Fig. 6ab (113, 126, 183, 191,
261) (Sec. 2.2.5), the c: values for each strain rate extrapolate to a
common saturation Stress 0:0 for each alloy, these being 14.1 x 10>, 75 x

10°, 168 x 10°, and 282 x 10° MPa for 301, 304, 316 and 317.

respectively.

Figure 7 (119) is a demonstration of the dependence of the saturation
stress on T and € according to the Kocks-Mecking analysis (Sec. 2.4.3):
AP . . _ . . r/RT
e‘/(»:o = exp (-I'ln | G / S ]/ RT) = ( c, / om) ¥2))

AH(0) =T In ( o:o / 0: ) (22)
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where I' is a material SFE parameter, o:o is the saturation stress at 0 K
and € and R are constants. The g, values for 304W, 316W and 317W are 1.7 \
10%, 29 x 10% and 79 x 107 s', with 1.3 x 10" s' as the 304C
value. For the worked materials, AH values decrease over the same rising 7
range from 393 to 274, 451 10 369, 489 to 408 for 304W, 316W, and 317W with
304C decreasing from 427 to 407 as T falls (Fig. 7). In addition, the term
I'/RT equals the inverse of the strain rate sensitivity of Fig. 3 and the
n’’ exponent of the power law in creep.

The plots of the respective stresses o: against log € (Fig 8a-c)
which are linear for each temperature indicate the strain rate sensitivity,
m, of each alloy when only DRV is the operative softening mechanism.
Similar to the slopes in Fig. 3, those of log G: versus log € decrease with
falling T. However, while the set of m values related to I“c for the worked
materials (Fig. 3a-d), are greater than the sets of m values related to o:.
they are lower for the as-cast.

The extrapolation of these slopes (Fig. 9a-c) converge to a strain
rate i—:m and corresponding o:m where  apparent athermal conditions  are
attained. The sets of values for 301, 304, 316, and 317 are 1 x 10' s and
537 MPa, 1 x 10° s” and 617 MPa, 3.4 x 10° s’ and 804 MPa, and 14 x 10°
s' and 521 MPa, respectively. The logarithm of c: increases linearly with

falling T but rising logarithm of E&.

4.2 EMPIRICAL CONSTITUTIVE EQUATIONS
4.2.1 PEAK STRESS AND PEAK STRAIN BEHAVIOR

For all alloys and conditions, ep and op fSecs. 2.2.1-2.2.3) increasc
with rise in € and fall in T (Figs. 10 and 11). The sequence of declining
ep is 301, 316, 304 and 317 for the worked and 316, 304, and 317 for the
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as-cast alloys with the last being much lower. The sequence of diminishing
peak stress in the as-cast alloys is 317, 304 and 316 (by a small amount)
due to the influence of & phase (Fig. 11). In the homogeneous worked alloy,
it is 317, 316, and 304, in relation to the solute content, with 301
behaving somewhat differently at low T.
4.2.2 PEAK STRESS CONSTITUTIVE EQUATION

The linear relationship between log € and log sinh (aop), Fig. 12a-d
(49, 77, 163, 165, 167, 182-184, 191, 195) confirms the hyperbolic sine
function (Secs. 2.4.1, 2.4.2):

Z =€ exp (+ Q,/RT) = A (sinh (acp))“ a7

where A, «, n, an are empirical constants and R is the universal gas
constant. Fig. 12 demonstrates that € bas the same effect upon the peak
flow stress at each T since the lines are parallel with slope equal to n.
These values are 4.4 and 4.6 for 301W and 304W and 4.5 for 304C, 316C,
316W, 317W with a lower value of 4.0 for 317C. The increasing distance
between the sets of lines illustrates the augmenting effect decreasing T
has upon o All values of c, are greater for the as-cast alloys than those
for the worked material. In confirmation of the Arrhenius function in Eqgn.
17, log sinh (aop) is plotted against 1/T in Fig. 13a-d (126, 163, 165,
167, 177, 182, 184, 188, 191) giving straight parallel lines of constant €
which are used to calculate the activation energy for hot working (QHW).
Whereas, the derived values for the as-cast alloys are 407, 402, and 508
kJ/mol, they are 393, 454, and 496 kJ/mol for the worked 304, 316, and 317
respectively, with 301W being 399 kJ/mol.
4.2.3 PEAK STRAIN CONSTITUTIVE EQUATION

Since the wvalue of ep is important in the estimation of DRX
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characteristics, a formula for 304W has been developed by which it can be
predicted  having  knowledge of the deformation conditions Z and D, The
following relationship is plotted in Fig. 14 (76, 152, 157, 167, 174, 178,
262).
EP - ApDoo.'ls 7 0125 (44)

where A has the value 045mm®™ %' and Q. = 400 kJ/mol. This
formula accurately estimates ep for original grzin sizes in wcrked material
varying between 40 and 100pm. A line of slope 0.10, representative of mild
steel  behavior, is included to highlight the effects of the greater
metallic solute in 304W with a higher slope of 0.125. Since 304W and mild
steel have significantly different Z values, the curves are normalized at
900°C, 1 s', where carbides begin to affect the behavior of 304W.
4.2.4 TEMPERATURE COMPENSATED STRAIN RATE, Z

The formation of single straight lines for the flow stresses at
various  conditions (Fig. 15a,b) indicates that the independent wvariables €
and T influence the deformation mechanisms equivalently as expressed by the
Zener Hollomon Parameter Z. In  rig.  15b, the saturation stresses for
as-cast and worked are plotted and found to be on straight lines. Since the
alloys have different QHW values and hence differing Z wvalues, the curves
are normalized at the deformation conditions of 900°C, 1 s' 1o permit
comparison where most significant differences in deformation
characteristics occur. The strengths increase in the order 301W, 304W,
316W, and 317W, i.e. of solute content, except for the high value of 301
below 1000°C as carbides precipitate due to the high 0.11C content.
Furthermore, as shown in Fig. 15b, the locus of c: values which are subject

to work hardening and DRV alone have the same slope n as those values of G
P
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which are mildly affected by DRX as well as DRV. Since o: attains  higher
values due to the absence of DRX , the constant A (Eqn. 17) has a value
higher than A for op. In addition, the cp. 0: values for the as-cast are
higher than those for the worked material. Furthermore, the percentage
difference between o: and o, for the as-cast is considerably less than that
for the worked due to the higher level of stress at inception of DRX and
the narrower peak as a result of its more rapid nucleation in the as-cast.
Finally, the comparative results are added to Fig. 15b (176, 179) 1o
illustrate  the  effects that  different  activation  energies  and Stress
exponents have upon the flow stress.

As shown in Fig. 16a,b both the exponential function A’" exp (Bop) and
the power law A’ og”are both subject to breakdown at o, = 100 MPa. This
stress at which the transition takes place is approximately the inverse of
the constant a. While the former is suitable for high stresses, the latter
is suitable for low stresses as found in creep. This confirms the choice of
the hyperbolic sine function which satisfies both high and low flow
stresses found in the as-cast and worked material.

4.2.5 ACTIVATION ENERGIES AND CHARACTERISTIC TEMPERATURE

The QHw values calculated from Figs. 12 and 13 and the results of
other researchers (49, 57, 63, 76, 77, 119, 126, 152, 158-195) are
tabulated in Tables 1-4. The values of log QHW have been plotted against
log S, solute content, Fig. 17. The data fall in a fairly narrow band of

25 kJ/mol which is approximately 16%. Q __ increases by about 13.5 kJ/mol

HW
per 1% solute. The characteristic temperature T’ (Sec. 2.4.2) is given by:
T =Q, /R InA (19)

and is determined to be a constant for each alloy as illustrated in Fig. 18
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which is a plot of Quw versus In A for the stainless stcel alloys in Tables
1-4 including the present. The lines for each alloy pass through the origin
and show that T' = 1486 K for 304W and 317W; for 316W, T’ = 1522 K and for
301W, T' = 1403 K. Tanaka et al. (196) reported that T’ = 0.780'['m which is
confirmed in the present case with T'/l“m ranging from 0.788 to 0.855.
4.2.6 TRANSITION FROM ATHERMAL YIELDING

The decrease in the yield stress o, and steady state flow stress o
with falling Z is shown in Fig. 19ab (263). The lateral displacement of
the graphs for the different alloys results from different values of an
which rise with increasing Mo contents. These graphs illustrate directly
the resulting effects of work hardening and restorative mechanisms of DRV
and DRX. In the higher Z range, cyo is practically athermal while C
decreases rapidly as Z diminishes. The yield stress becomes athermal at
about 825, 850, 875, and 900°C for 304W, 301W, 316W, and 317W. In the low Z
range, the difference between oyo and c decreases rapidly and is indicative
of faster DRV and DRX. It is noted that these restorative mechanisms are
more effective at reducing the differences 6, - O, in the worked than in
304C, 316C, and 317C with 031, 0.20, and 023 &-ferrite. As illustrated in
Fig. 19b for 316W, c drops much more after op than in the as-cast
material. This is representative of all alloys. Furthermore, the drop of S,
with respect to 0; is greater in the worked alloys than in the as-cast.
4.2.7 CORRECTION FOR DEFORMATIONAL HEATING

From Eqn. 5 in Sec. 2.1.6, the deformational heating for 301W, 304W,
316W, and 317W increases T at the peak 11 and 44°C, 12 and 52°C, 15 and
61°C, 15 and 59°C at 1200°C and 900°C, 5 s”, respectively. When correction
is made for AT, Quw for 301W, 304W, 316W, and 317W are 454, 479, 562, 605
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kJ/mol which represents a 14, 22, 24, and 22% increase, Fig. 20 (157). In
the case of 304W, deformation at high Z (900°C, 5 s') produces a measured
flow stress of 208 MPa which is actually for a temperature condition of
952°C as a result of deformational heating. Consequently, the correct flow
stress at 900°C calculated from Eqn. 17 is somewhat higher, about 252 MPa.
Consequently, 301W, 316W, and 317W have real flow stresses of 256, 307, and
322 MPa at 900°C.
4.3 KINETICS OF DYNAMIC RECRYSTALLIZATION
4.3.1 CRITICAL STRAIN; TIME FOR INITIATION

The critical stress and strain for DRX were derived from 6-0 curves in
Fig. 5 (Sec. 4.1.2). The dependency of DRX initiation of all four alloys in
both the as-cast and worked condition on the deformation conditions, hence
the variations of € with Z, is presented in Fig. 2la,b (138, 264) with 304
having some similarity to previous results. For 304, 316, and 317, at
900°C, 1 s’ € s 033 and 046, 036 and 049, 0.58 and 0.54 for the
as-cast and worked materials, with 301W being 0.52. As T increases 1o
1200°C these values decrease to 0.20 and 0.25, 0.15 and 029, 0.40 and
032, with 301W falling to 0.36. From low Z, € rises slowly to 1000°C and
then increases rapidly to 800°C. In order to highlight differences, the T
at which DRX is initiated at a given € (0.5) is indicated. These
temperatures for the alloys in both the worked and as-cast conditions, in
the above order, are 817 and 889, 887 and 979, 842 and 928°C, with 30IW
being 917°C. Figure 22 (119, 126, 168, 174, 196) shows the effect that T
and € have upon the time (t= ec/é) (Secs. 2.25, 2.3.3) for the initiation
of DRX which is the critical strain divided by the strain rate. With

respect to the peak strain, the relationship e, = 1.5 € is maintained for
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304W, 316W, and 317W as well as for those presented in the literature. The
values of (eclap) range between 0.55 and 0.74.
4.3.2 PERIODIC FLOW CURVES

Perioiiic flow curves are observed only at 1200°C, 0.1 s. To find how

the limits of this behavior are related to other featres of the curve, ep
and € are plotted  against op* in Fig. 23 (136, 174). The crossover
indicates the change in flow curve behavior according to the theory
outlined in Sec. 2.3.4 . This behavior occurs at strain rates of (.18,
0.36, 0.24, and 0.18 s’ for 301W, 304W, 316W, and 317W at 1200°C. With
peak  strains of 0.44, 0.38, 0.49, and 0.38 respectively, it 1akes
approximately one second to attain cp for 304W and two seconds for all
other alloys.
4.3.3 AVRAMI KINETIC ANALYSIS

The strain for XDRX = 0.5% was chosen to be at a strain of .01 beyond
€ which is in agreement with other research (31, 134, 168). The time for
XDRX amount of DRX equals the strain minus the critical initiation strain
divided by € As stated by Elfmark (166), DRX is approximately 99% complete
at the onset of steady state; this is comparable with 98% proposed by Luton
and Sellars (97). The values for € were determined from representative
flow curves (Fig. 4a-d) and verified in Fig. 23. The times for XDRX = 0.5%
and for XDRX = 99% as derived above are presented in Fig. 24 (168, 174,
195) which is a plot of the data according to the Avrami equation (2.3.5,
Eqn. 10) expressed as:

log In [ 1/(1-X ) 1= Kooy log t + log BDRX (45).

From such a plot the slopes k.~ are determined as 1.27 and 1.30 for 304W
and 317W with initial grain sizes of 70 and 57um, respectively. In this
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is the grain size constant, and slope k is the time

equatirn DRX

Bmzx
constant. The slope diminishes to 1.08 for a 317W with a D/ of 170um tested
at 0.5 s'. The mean values of the time exponent kDRx for 304W and 317W,
both the present and previous work (168, 174, 195), are 128 and 1.24
respectively. The wvalues of Bnnx range between 0.4 and 3.4 for all alloys.
The present mechanically derived points are confirmed by  previous
metallographic data.

The amounts of recrystallization as a function of strain can be
derived from the lines in Fig. 24 and are plotted in Fig. 25 (168, 174,
195). In such a plot of XDRx versus strain, the curves emerge from the DRX
critical ~ strains for the alloys and proceed liiearly until  significant
fractions of XDRX have been achieved. This happens at about 65% for fine
grained alloys and 50% for the coarser ones. The strains at which different
alloys attain a certain percentage of DRX are presented in relation 1o
their flow curves, Fig. 26 (168, 174, 195). The points at which DRX starts
(e) and nears completion (e) are indicated on each curve with intervening
values determined from optical microscopy or calculated from rnechanical
metallography in Fig. 24. The time to the onset of steady state rises
linearly as T decreases, Fig. 27 (168, 174). As & decreases, t increases
with 304W having the shortest times followed by 316W and 317W. The 301W
alloy has the longest times for DRX at strain rates of 1 and 5 s’
Generally, alloys with larger D, require longer times for DRX, indeed the
rate of DRX wvaries inversely with grain size Do for any given value of

X Fig. 28 (168, 174). The rate of DRX is calculated by taking the

DRX'

derivative of the Avrami expression. The slope decreases with rising X DRX

as a result of impingement of the growing grains.
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4.3.4 COMPLETION OF FIRST WAVE OF DYNAMIC RECRYSTALLIZATION
The time for 99% DRX (¢ = e/e ) depends upon sinh oo, in accordance
with the following equation (Fig. 29a,b) (Sec. 2.3.4):

t = A (sinh ao')'nmx exp (Que,/RT) (46)

where o and szx are the stress and activation energy at the onset of
steady state, No.x s the stress éxponent. R is the gas constant, A is &
material constant, and o« equals 1.2 x 10° MPa. The values of n_ for
301W, 304W, 316W and 317W were determined to be 4.1, 4.3, 3.6, and 3.5,
respectively. A graph of log sinh ac versus 1/T (Fig. 30a,b) consists of a
series of parallel lines, one for each € The QDRx values for corresponding
alloys in the above order are 306, 291. 296, and 310 kJ/mol. The 304W
activation energies chx’ QHW' and QDRX calculated at the critical, peak
and steady state points along the flow curve are 351, 393, and 291 kl/mol,
respectively. From the slopes in Fig. 30b, QDRX for 301W at 306 ki/mol is

greater than that for 304W and compares to 399 kJ/mol (an) for the peak.

44 STATIC RECRYSTALLIZATION
44.1 MULTISTAGE STUDY OF STATIC RECRYSTALLIZATION

Static recrystallization was  studied by means of  mechanical
metallography  (Secs. 2.5.2, 2.63, 26.4). Multistage tests performed on
301W and 304W at 1100°C, 1 s’ are shown in Fig. 3lab, where after each
deformation strain of 0.4, the material is wunloaded and held for 50s in
order to induce complete recrystallization. Between each of these large
passes, the specimen is deformed to a prestrain of 0.2 and held for an
interval of wvariable time. Upon reloading, a flow curve is produced which

has a yield stress which is lower as the preceeding interval was longer.
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Fig. 31. Multstage flow curves for a) 301W and b) 304W showing large
passes followed by long intervals to fully recrystallized material to
repeatable grain size. There are also the equal prestrain  passes (thick
dashed) followed by consecutive intervals of increasing duration and then
the reloading curves to measure the drop in swess. e and ep are indicated
on the continuous flow curve.
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This measuring pass is camied to a strsin of 04 in order to bring about
complete SRX to the same grain size duwing the 50s before the next
prestrain pass. The produced set of solid and dashed curves with a
saw-toothed  appearance = have envelopes which are almost  horizontal
indicating the similarity in each (Secs. 2.6.6, 2.6.7); the dashed curves
also have a constant yield stress indicative of SRX. The solid reloading
curves have a declining envelope indicative of increasing SRX as the time
before is raised.

4.4.2 KINETICS OF STATIC RECRYSTALLIZATION

The fractional softening determined by the multistage tests was
converted to volume fraction recrystallized using the work of Barraclough
and verified by Egn. 26 (Sec. 2.64). The matrix of volume fraction
recrystallized values is plotted against log tme in Fig. 32 (174. 208,
265) and forms the predictable S curve which is indicative of the softening
kinetics expressed by the Avrami equation (Egqn. 45) (Sec. 2.5.4). The value
of ksxx is 1.3 for both 301W and 304W with the slower recrystallizing
alloys of 316W and 317W  being 12 and 1.1 respectively. These are
comparable with other work. The activation energy anx was determined in
plots of log t,s against 1/T to be 369 and 362 kJ/mol for 301W and 304W.

The dependence of the temperature-compensated time (W 0s) O Z s
illustrated in Fig. 33 where the derived slope of -0.375 is in agreement
with that of other work (168, 174, 266). The Ay Vvalues for 301W and 304W
are greater than that of other work due to the smaller values of Qsax
arising from smaller initial grain sizes with faster SRX kinetics. A
normalization of ts from both the present and a wide wvariety of other

work performed on 304W at different swain rates and large original grain
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sizes is realized in a plot of log (1, 60'375/13(2)) versus strain, Fig. 34
(106, 130, 174, 180, 204, 213, 265, 267-269) with a resultz;nt slope of -2
which validates the following equation for the determination of QS Rx

ts = Agy D2 €7 [E exp(Q, /RDI™ exp (Q /RT) (24)
The present results are compared with an extensive representation of other
work on 301W and 304W in Fig. 35 (106, 130, 168, 174, 180, 204, 206, 212,
213, 265, 267-270) where Q px varies widely from 551 to 334 ki/mol, in
reference to the present 369 and 362 kJ/mol. All daa are satisfied by the
preceding equation.
4.4.3 ISOTHERMAL MULTISTAGE TESTS

Representative flow curves from isothermal multistage tests  (Secs.
2.6.4, 2.6.6), deformed at 900-1000°C, 0.1-1.0 s' for 301W and 304W and at
1100°C, 0.1-1.0 s’ for 304C illustrated in Fig. 36a-c, exhibit a peak and
work softening to a steady state regime characteristic of DRX. Their pass
curves progress towards a repetitive shape. Moreover, their envelope curves
through the pass maxima exhibit only weak peaks before becoming horizontal
near the value of the continuous steady state.

The fractional softening (Sec. 2.64) determined from these tests are
plotted against pass strain in Fig. 37a for 301W and 304 in both the
as-cast and worked conditions with the former having the lower FS. It can
be seen that while there is a considerable increase in FS as € is increased
one order of magnitude at 900°C, this € effect is much less at the higher
T. Furthermore, there is a comparative FS rise as the interval time
increases.  Therefore, FS increases wii. rising T, €, and L. This
conclusion is confimed by the data for as-cast 304, 316, and 317 (Fig

37b) with the latter two showing much slower softening.
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The yield stress and flow curve in each pass, and hence the mean pass
flow stress, are strongly affected by the fractional softening preceding
the pass as a result of the carry-over of the worked substructure from
previous passes as illustrated in Fig. 38. Therefore, in the case of
rolling simulation consisting of several stands at constant € and E. but
falling T, the flow stess in each of the following stands is higher than
in the firstt When FS is low as a result of the short interval, the
subsequent passes have a higher yield and resultant peak flow stress which
remains reasonably constant throughout the succeeding passes.  Therefore,
the flow curves in stands 2, 3, and 4 have similar maxima as shown in Fig.
38 (10). The rise is higher at lower T and for 316 and 317 than 304.

4.5 HOT DUCTILITY
4.5.1 TEMPERATURE AND STRAIN RATE DEPENDENCE

Upon observation of the matrix of values of € depicted in the
isometric diagram of Fig. 39, it can be seen that the ductility of 304W
increases with rising T and & whereas for 304C and 317C as well as 317W,
it increases with rising T but falling € In a more detailed manner, Fig.
40a (10, 42, 167, 188, 271) presents the ductility for 304 both as-cast and
worked in comparison with 301W which has a higher € ai 1200°C, but a lower
g at 900°C. The ductlity of 316 illustrated in Fig. 40b (191, 228)
increases with rising T and falling € with the worked being considerably
higher than that of the as-cast material but lower than the 304W. As
previously stated, deformational heating raises T, thereby leading to a
ductility much larger than the true wvalue at high Z. The ductility as a

function of € is presented more clearly in Fig. 41 (191, 228). The rise in

304W ductility with increasing € is expected to eventually change from
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positive to negative, thus exhibiting the peak which is sometimes observed
(Sec. 2.7.1). The fracture strain for 316W decreases as € rises except at
1200°C where it rises slightly, having passed the ductility peak. From
Figs. 39 and 40, it is evident that rising temperature has a much more
positive effect.

4.5.2 FRACTURE CONSTITUTIVE EQUATION

The time-to-fracture (equaling e/é ) criterion, borrowed from creep
analysis, is wvalid for all alloys with the as-cast and worked materials
being fitted by the following exponentiai and hyperbolic sine functions
respectively (Sec. 2.7.4):

t = A;’ exp (-B f0“) exp (Q/RT) 47

t = A, (sinh aG)" exp (Q/RT) (35)
Using the exponential function and Arrhenius relationships between o, € and
T (Egn 47), the same n and Qf values for 304C and 317C were derived from
both strength and fracture data, whereas the fracture values of n, and Qf
for 316C were significantly higher as shown in Fig. 42ab. The B’, n and
Q, values for 304C, 316C, and 317C are 54 X 107 MPa’, 4.1 and 404
kJ/mol, 4.8 X 102 MPa’, 4.0 and 511 ki/mol, 6.5 x 10% MPa', 54 and 505
kJ/mol, respectively.

The time-to-fracture criterion expresssd by Eqn. 35 is confirmed in
Fig. 43. Comparing 304C with 304W which is shown in Fig. 43ab, (i91) the
stress exponents (n and n‘) change from 4.3 to 4.1 for 304C and from 4.6 to
5.2 for 304W, while Q{ values change respectively from 407 to 404 kJ/mol
and from 393 to 377 kJ/mol. The data for 316W agree closely with those for
304W at 0.1 s’. Both 304W and 316W fracture at a similar strain € of

approximately 12.5 at 1200°C, 5 s' where the high T has put carbides into
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Fig. 42, Fracturc times derived from hot torsion tests on 304C demonstrate
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lines for ecach T, and b) the fracture stwress depends on T according to an
Arrhenius relationship, there being a straight line for each .
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line for each T. Published data are included for completeness (191).
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Published data are included for completeness (191).
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solution for the Mo bearing 316W. As T decreases and € remains at S s
their ductilities begin to diverge, being 6.3 for 304W and 4.6 for 316W at
900°C. The 316W differs markedly from the 304W in that the ductility
decreases as € rises; this appears in Fig. 43a only as a divergence
downwards of the 316 points at 1 and 5 s'. The 317W alloy behaves
similarly to 316W.
4.5.3 ELFMARK DUCTILITY ANALYSIS

According to Elfmark (251, 252) (Sec. 2.7.6), the temperature
compensated time for DRX, WDRX, is given by the following expression:

Worx = tprx ©¥P (-Qpp,/RT) (40)
and is plotted against ZDRx on a log-log scale in Fig. 44a. This function
draws the data for all conditions into a single line in the same manner as
the line of sinh ao versus Z (Fig. 15). The following function satisfics
301W, 304W, 316W, and 317W:
W =0082 % (48)
which compares with a power of 0.90 found by Elfmark (251) for 7y stainless
and a wide variety of carbon steels. The WDRx function is the inverse of
the stress one, hence high ductility is associated with high WDRX values
but with low o values. The ductlity for 316W is finally related to W _ in
Fig. 44b where the resulting straight line indicates a unique relationship:
& Zooy =7 % 10° W 1T (49)

The slope of 1.37 agrees with 1.33 determined by Elfmark (251).
4.5.4 DUCTILITY IMPROVEMENT FROM MULTISTAGE SRX

In multistage tests, the ductility of an alloy augments considerably

(Sec. 2.7.6). Figure 45 illustrate. an increase of 50% for the present 304C

and that of another author (180) for 304W; this increase is also seen n
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Fig. 46. A plot of fracture strain versus T illustrates the generally
ameliorating, but  sometimes deleterious (at short tmes) effects of
interval for SRX upon ductlity. 316C is compared with extensive published
data (12, 106, 180, 229, 230, 233). Tensile strains have been converted to
torsion according to Eqn. 43.
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Fig. 36c. Ductility rises with increases in pass strain and interval The
surveyed results (12, 106, 180, 230, 233) in Fig. 46 further show that,
compared to continuous  straining, ductility is  higher in  isothermal
multistage tests where individual passes do not initiate cracking and time
intervals are sufficient to cause substantial SRX.

4.5.5 MICROSTRUCTURAL EVIDENCE FOR FRACTURE MECHANISMS

Figure 47 shows concentration of pores below surface grooves in 304W
(900°C. 5 s"). Broad surface cracks in 301W deformed at 1100°C, 5 s! are
shown in Fig. 48. In Fig. 49, a strip of longitudinal section extending
inwards from the surface illustrates diminishing pore density with decrease
in € and € In the 316W alloy, discrete pores and fissures are observed in
Fig. 50. In 317W with the lowest ductility at 1100°C, 1 s', Fig. 5la shows
fairly large discrete pores on the grain boundaries. Also, for 317TW
deformed at 900°C, 1 s, stringers of retained & ferrite containing
fissures are easily observable in Fig. 51b.

4.5.6 AS-CAST DUCTILITY (SUUTALA ANALYSIS)

The ductility of the as-cast alloys compared in Fig. 52 are in
agreement with the results of Myllykoski and Suutala (109), with 317C
solidifying in the Yy mode and 304C and 316C solidifying in the & mode. The
ductility peak occurs when the Creq./Niequ ratio (109) is slightly higher
than 1.5. Therefore, 316C being closest to the transition has the greatest
ductility because the & occurs in the smallest volume fraction at the
dendrite cores where it is less likely to induce interphasc cracking, being
away from the impurities segregated at the y grain boundaries.

In these as-cast specimens, it can be seen that fissures are

associated with O ferrite. The & ferrite which formed between the dendrites
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Fig. 50. An opdcal micrograph of a 316W specimen deformed at 1200°C, 5
s! illustrates widely spaced pores at high T. X 150.
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Optical micrographs of a 317W specimen deformed at 900°C, 1.0 s
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Fig. 52. The ductility of the 304, 316, and 317 as-cast alloys is ploted
against the ratio er/Niq on a graph of published results collected by
Myllykoski and Suutala (109). The increase in ductility as the ratio
decreases from 2.0 w 1.5 is related to a diminishing & phase content with
3 mode solidification. Below 1.5, the drop in ductdlity is associated with
the combined segregaton of & and impurides in Yy mode solidification. The
present results are in agreement if the change in solidification mode occurs
at a ratio of 1.5 ¥ 0.05.
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Fig. 53.  Optical micrograph of a) a longitudinal section of 317C deformed
at 1000°C, 0.1 s showing cracks parallel to the stringers of & phase. X
200, and b) a tangential section of 316C specimen deformed at 1000°C, 5 s
showing & swingers in eclongated form connected by pores and leading to
surface grooves. X 200.
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during solidification, becomes clongated and oriented normal to the axis of
the specimen. In 317C (Fig. 53a), branching cracks arc observed parallel to
the eclongated & ferritt with many pores lying along the 0O stringers. In
316C, the O dendrites are at the cores of the 7y grains and deform into
distorted shapes which are associated with pores or large cracks as shown

in Fig. 53b.

4.6 MICROSTRUCTURES
4.6.1 OPTICAL MICROSTRUCTURES

While Fig. 54a shows the O ferrite along the cores of the original
dendrites of a longitudinal section of 304C, Fig. 54b illustrates
interdendritic ferrite in a transverse section of 317C (both before hot
torsion). The three optical micrographs in Fig. 55a-c show segregated o
ferrite in undeformed 317C, and DRX grains and elongated & ferrite in 317C
deformed at 1000°C, 0.1 s', and a 1000°C, 1 s'. Specimens tesied to
beyond the onset of steady state exhibited uniform equiaxed DRX grain
structures which are finer than the original grain size for all alloys. It
can be seen that 301W  DRX grain sizes (Fig. 56ab) of 13um and 24um,
arising from deformation at 900 and 1100°C at 5 s', are finer than the
original grain size of 66um. The long marks are spiral grooves from
oxidation during twisting.

As shown in Fig. 57a-d, refinement of the 304W original grain size
from 70um to 12 and 45um occurred for deformation conditions of 900°C, 5
s' and 1100°C, at 5 s'. An exception to this occured at low Z (1200°C,
0.1 s'), where the original grains coarsened to 78um (Fig. 57d) in
association with a periodic flow curve. When the quenching was slow, the

nuclei produced during deformation grew metadynamically (Sec. 2.5.3) from
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grains. X 300, c) deformed at 1100°C, 5 s'medium cquisxed DRX gramns. X
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Fig. 58. Microstructures on tangential sections of 316W a) deformed at
900°C, 0.1 s*, very fine DRX grains. X 400, b) deformed at 1000°C, 0.1
s', refired DRX grains, X 300, c) deformed at 1100°C, 0.1 s' medium DRX
grains, X 200, and d) deformed at 1200°C, 5 s, large equiaxed grains. X
150. These four micrographs illustrate that DRX grains enlarge markedly
with rising T. -
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25 to 45um as can be seen in Fig. 57b. The microstructures of 316W deformed
at 900, 1000, 1100°C at 0.1 s’ and at 1200°C, 5 s' (Fig. 58a-d) are
equiaxed and enlarge markedly with rising T. The following micrographs
(Fig. 59a-c) illustrate the increase in D. in 317W as T increases from 900
to 1200°C at 5 s’. The overall microscopic evidence is that refinement
takes place under all these deformation conditions in agreement with Fig.
23, and as explained later, with the theory of Sakai and Jonas (133, 136,
137), ie. for the initial grain size, Z always exceeds the critical value
(Sec. 4.6.3). Moreover, since all alloys deformed to a given pass strain of
5 produced DRX grains, Z also lies below the limiting Z value as
illustrated in Fig. 21.
4.6.2 STATICALLY RECRYSTALLIZED MICROSTRUCTURES

Due to complete SRX after the first pass of multistage deformation
depicted in Fig. 31, the new grain sizes of 301W and 304W are smaller at 36
and 40pm (Fig. 60ab) than their respective original grain sizes of 66 and
70um. The 304W grain size is refined from 70 to 10um (Fig. 61) ~fer
seventeen passes with T declining from 1200 to 900°C at 1 s' (Sec. 4.7.1).
This compares with a DRX grain size of 14um produced by an isothermal
continuous test conducted at 900°C, 1s!as presented below (Fig. 62).
4.6.3 GRAIN SIZE DEPENDENCE ON Z PARAMETER AND STEADY STATE STRESS

The log-log plot of Z against D, solid lines Fig. 62 (133) is
approximately linear for all steels (Sec. 2.3.4). In addition, the graph
contains the points showing the critical Z for grain refinement against
the initial grain size Do on a scale which is half that of D'. The observed
critical change-over points from Fig. 23 are marked by crosses on the

symbols and dashed lines are drawn through them parallel w0 the D lines.
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317W deformed at

refined grains. X 600, b) at 1000°C, medium equiaxed

An optical micrograph of tangential sections of

a) at 900°C

59.
-1

.
5 s

at 1100°C, coarse equiaxed DRX grains. X 200.

DRX grains. X300, and c)



Fig. 60. Optical micrographs of tangential sections of a) a 30IW specimen,
X 150, and b) a 304W specimen, X 150, subjected to multistage deformaton

at 1100°C, 1 s' with 60s interval duration, leading to a complewe SRN
microstructure. X 150.

Fig. 6l. Tangential section of a 304W specimen subjected to a schedule
where T has decreased from 1200-900°C. 1 st at 09°Crs. X 400. The

original grain diameter of 70um has been refined to 10um.
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These two lines (Z versus D' and Zc versus Do) coincide for 304W. In
agreement with theory of Sakai and Jonas (133, 136, 137), the congruence
occurs at Z versus approximately 1.7 D, for 301W, 316W, and 317W which is
similar to the 1.8 reported for the 0.16C alloy (133). Since all alloys
have different Z values due to differing va values, the slopes are
normalized st 900°C, 1 s’ where solute interactions cause the widest
variations in DRX behavior. Therefore, for a combination of Do and Z lying
to the left of the dashed line, grein coarsening takes place. Conversely,
for a point with coordinates D, and Z lying to the right of the dashed
line, grain refinement takes place. At 900°C, 1 s, the initial grain size
which is the lower limit for refinement increases from about 8 to 14pm in
the sequence 317W, 316W and 301W. For the same sequence of steels with SOum
starting diameter, the Z for refinement increases as indicated by the
vertical line in Fig. 62. Z rises in the sequence, 304W, 316W, and 317W,
so that for € = 1 s, the upper limits for refinement are 1130 (0.16C),
1190 (301W), 1180 (304W), 1210 (316W), and 1240°C (317W). In order to
reduce D from 50 to 10um, T has to be decreased from the above ternperature
to 830, 840, 850, 900, and 930°C in the same sequence.

Figure 63 is a a log-log plot of D. versus  the steady state flow
stress (c'). While there is some scatter of the data for the present and
other work (138, 168, 174, 195), a straight line is drawn through the
points with a slope of -1.23. Those specimens which were quenched sometime
after deformation had metadynamically recrystallized and gave larger grain
sizes (Dmx) than the DRX ones. These data lic above those of DRX having a
slope of -1.31. These behaviors are expressed by the following formulae:

D =B ok =680 (50)
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k

D, ~Mou =169 &'t (51)

MRX

4.6.4 TRANSMISSION ELECTRON MICROGRAPHS

Examination of specimens of 304W, 316W, 317W and 317C by TEM reveals
subgrains which range from elongated at high Z to equiaxed at low Z. It
should be noted that all the specimens have undergone recrystallization  as
confimed by optical mctallograpfxy; thus the substructure confirms that it
is DRX. Moreover, the variations in both D. and d with Z indicate the
close connection between the two and that they both play an important role
in defining the flow curve.

The 304W set of micrographs shown in Fig. 64a-d show elongated
substructures formed by DRV at high Z 900°C, 5 s'). Of paricular
interest is the DRV colony surrounded by SRX grains depicted in Fig. 64c.
At low Z (1200°C, 0.1 s, Fig. 64d), the subgrains become equiaxed. These
micrographs illustrate much larger subgrains, 6.7um at low Z compared to
1.5um at high Z (Fig. 64a) Both micrographs of 316W, depicted in Fig. 65a,b
illustrate DRV substructures at both 1100° and 1200°C at 5 5.

In 317W, Fig. 66ab illustrates the increase in subgrain size and
decrease in aspect ratio as Z decreases through the range 1000°C at 1 s’
o 1100°C at 5 s'. Within each specimen, there is a variation in subgrain
shape and orientation. As with the other alloys, the clongated subgrains
are more frequent and regularly spaced at high Z (Fig. 66a). Figure 67a-d
reveals: 3) DRX grains distinguished by wvariations in the substructure, b)
the appearance of a8 DRX nuclei, ¢) SRX grains with twins growing statically
into the substructure leaving few dislocations. Figure 67d depicts a region
of SRX grains nucleated around & stringers which contain a DRV

substructure. Finally, a8 set of TEM micrographs (Fig. 68a-d) of 317C
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Fig. 64. TEM micrographs of tangential sections of 304W ab) deformed
900°c, 5 s, elongated subgrains, c¢) deformed at 90°C, 5 s', u DRV
colony of subgrains surrounded by SRX grains.and d) deformed at 1200°C, 1
s, large equiaxed subgrains which grow markedly with increasing T
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Fig. 65. TEM micrographs of tangential sections of a 316W a) deformed at
1100°C, 5 s' the DRV substructure with DRX grains, and b) deformed at
1200°C, 5'1 the markedly large subgrains from increased T.



Fig. 66. TEM micrographs of tangential sections of 317W a) deformed

1100°c, 5 s illustrating  large equiaxed substructure, and by deformed
1000°c, s ! illustrating  decreased  subgrain  dimensions.
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Fig. 67. TEM micrographs of tangential sections of 317W deformed at 1000°,
I s' a) illusrating a DRX grain distinguished by variations in
substructure, b) illustrating a DRX nucleus, ¢) grains, containing twins,

growing statically into the substructure, and d) a region of SRX gruins
nucleated around § stringers.
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Fig. 68. TEM micrographs of tangential sections of 317C deformed at 110°C

a) at 0.1 s' showing equiaxed subgrains within DRX grains, b) at | s

showing medium equiaxed subgrains, ¢) at 35 s'; diameter decreasing with
rising & and d) deformed at 1000°, 1 s’ illustrating the increase in

aspect ratio as T declines.
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specimens tested at 1100°C at 0.1, 1, 5 s’ and 1000°C at 1 s'  exhibit
very similar behavior as 317W under the same deformation conditions. As T
rises and € declines, the subgrains are larger and more highly polygonized.
At high Z, the subgrain walls are thick having a high dislocation density,
while at low Z the walls are regular and narrow with much decreased
dislocation density.
4.6.5 SUBGRAIN SIZE DEPENDENCE ON Z AND ON o

The log of the subgrain size (d.) is plotted against the log of the
stcady state flow stress for 317C in Fig. 69a. The slope is about -1 in
agreement with previous results (87, 140, 272) (Sec. 2.3.6). In addition,
the reciprocal of the subgrain size (Fig. 69b) is proportional to log Z
(87, 140, 157, 260) and the present work is represented by the equation:

ds" =-1.82 + 0.15 log Z (52)

Normalization at 900°C, 1 s’ reveals that under these deformation
conditions ds is 1.1lum and 1.39um for 317C and 317W respectively, with d
equalling 1.2lum for 304C from other work (87, 140, 157, 260). The
relationship for 317W is lower with a y-intercept of -2.55. An extensive
analysis of cells and subgrains for 304 and 316 from the literature (87,
140, 145-148, 260, 272-278) is illustrated in Fig. 70ab, respectively. The
logarithm of both cell and subgrain diameters are linearly related to the
log of the steady state flow stress with slopes of -2 and -1, respectively.
4.6.6 PROPERTIES OF RETAINED SUBSTRUCTURE

The Vickers hardness H,) of 304C, 316C, and 317C subjected to hot
torsion were measured after quenching. Their respective hardness values are
plotted against Z in Fig. 71 where they rise with decreasing T and rising

€. The value of H, is proportional to Z (Sec. 2.3.7) raised to the power
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rescar-h data (87, 140,

compared with extensive data from the literature

in 304, the large cells arise from creep-fatgue (148).

(273-278).

Plot of log subgrain and cell sizes versus log of sweady stte
flow swess illustrating a -1 slope for a) 304W determined from extensive
145-148, 260, 272) which falls into a narrow band;
and b) 316W as a function of stress for both creep and hot torsion are
The transitions
from subgrains to cells with a slope of -2 are indicated for both alloys;
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12.7 for 304 and 316, with 317 being 13.7. The hardness of the alloys rises

with &-ferrite and solute content in the order 316, 304, and 317.

4.7. SIMULATION OF INDUSTRIAL PROCESSES
4.7.1 MULTISTAGE SIMULATION

In muldistage tests with declining temperature (Sec. 2.6.7), the 301W
flow curves exhibit a saw-toothed shape for seventén passes on a
cumulative strain graph (Fig. 72). The decline in T with increasing pass
number is shown and averages 0.9°C/s. The sets of curves are representative
of iso-strain-ratc (AA, DD ) and rising strain rate (CC) conditions with
equal interval times of two values. An envelope curve through the maxima of
each pass for each set can be approximated by two linecar segments; the
second one with considerably higher slope begins at rrout the eighth pass
as T falls below 1050°C.

The plot in Fig. 73 is in accordance with the sinh constitutive
equation (Eqn. 17). Lines are drawn through the points for the same T or
pass number. Their slope is 3.9 which is lower than 4.4 determined for peak
stresses in  continuous tests (FF') as illustrated by the data points and
dashed lines at 1000 and 900°C. The dependence of ¢ on T results in
straight lines (Fig. 74). The slope for declining T (an = 352 ki/mo],
AADD) is lower than that for continuous isothermal tests (QHw = 399
kJ/mol, FF'). The data from multistage isothermal tests provide a series of
parallel lines with a still lower slope (QHw = 307 kJmol, EE’). In a
logarithmic plot of sinh oo veirsus Z (Fig. 75), the isothermal continuous
data (FF') for a variety of T and € conditions are collected into a single
line, likewise the isotherrcal multstage (EE)’. The data for the three

declining T tests (ABC) are drawn into a namrow band approximately parallel
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to the isothermal lines but at a stress level about 20% higher than the
multistage and a little lower than cp for the continuous tests.

The flow stresses, such as yield o, mean pass stress kp, and the
maximum c_ in each pass are plotted against the pass number (Fig. 76). The
data for each condition do not fall in a straight line but can be
approximated by two linear segments. In each, a iow slope is followed by a
high slope; the change, being more marked at high €, takes place at about
1050°C in similarity to the envelope in Fig. 72. The fractional softening
during the i'th interval following the i'th pass (Sec. 2.6.7) is presented
in Fig. 77. The values determined are seen to decline as T falls and as €
and interval time decrease. Isothermal data for the first and fifth
intervals  (EE') are provided. The relationship of F§ to X~ from
metallography is included for comparison; SRV is strong even at the lowest
T, but SRX is less than 5%.

The flow stress is rising not only because deformation T is falling
but also because FS is declining with the result that more worked regions
are being camied over from one pass to another. The state of strain, eyi,
at the start of a pass is determined through the shape of the flow curve
and the following equation (25, 26):

n' = dlno/dlne = g/c (do/de) = (sn/oyi) @, - oyi)/ei] (53)

The strain hardening coefficient n’ was determined from isothermal curves
across the range studied and a value of 0.15 was found suitable. Therefore,
g was Calculated for every pass after the first, and was plotted in Fig.
78. As expected, e, rises as T and FS fall as the number of passes
increase.

The times for 50% SRX, o are evaluated at xsax = 0.5 from the
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Avrami analysis (Secs. 2.54, 4.4.2) and are presented in Fig. 79. There it
can be seen that the rate of SRX decreases as T, declines and becomes
markedly slow after the final three passes. In Fig. 80 (266), the plot of
log (tos 2% versus UT gives a straight line confirming the validity
of the present case. From the slope and that of isothermal data added for
comparison, values of Qg (T decliningg and Qg ~ (isothermal) were
determined to be 290 and 369 kJ/mol respectively. The effect of € on the
rate of SRX is illustrated in Fig. 81. A rise in € by a factor of ten
increases the rate by about 1.7 times.
4.7.2 PLANETARY HOT ROLLING MILL

An analysis of the planetary mill used for the hot rolling of
continuously cast <y stainless steels 301, 304 and 316 at Atlas Steels,
Tracy is depicted in Fig. B82(a-d) for the purpose of determining the power
requirements of this process from torsional strength data. Fig. 82a (279)
is a schematic sketch of the mill layout showing the position of planetary
work rolls deforming material as they revolve around the rotating backup
rolls. The feed rolls push the slab forward between successive planetary
rolls; Fig 82b shows the arcs of contact before and after the passage of
onc roll, the difference in which is defined as the draft. The distribution
of this draft is calculated from 30 sections across the bite and is
illustrated in Fig. 82b. At the point of mean strain rate, the draft has
attained its maximum.

The slab speeds increase as it proceeds through the bite from entry to
exit. Figure 82c permits calculaion of the cumulaive time during
reduction. The strain rate distribution throughout the bite (Fig. 82d) is

determined to vary continually between 16 and 132 s' which is employed in
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the calculation of the roll separating force at the mean strain rate. Since
the average timc between successive deformations by the rotating planetary
rolls is about 0.03 seconds, no static restoration is assumed to occur (I,
22, 38, 39). Henceforth, the process can be considered continuous and can
be simulated Ly a continuous torsion test under similar deformation
conditions. -

The following formula has been developed in order to calculate the
incan flow stress for each planctmyoll from the torsion test:

k =1/¢ef_ o(&Tde (54)

i =i-1

Consecutive  representative  flow curves (Fig. 83ab), rising with increasing
strain rate at a mean constant temperature of 1307°C with account taken of
deformational  heating, exhibit rapid strain hardening followed by gradual
softening as DRV and DRX proceed. With the peak stress for each separate
condition related to the peak strain defined by Eqn. 44, it can be seen
that o rises slowly to a maximum at the highest ¢ (132 s") where it falls
rapidly (o zerc at the complction of deformation. It is noted that the mean
flow stress of 77MPa for 304W is almost equal to the stress developed at
the mean € of 48 s’ As a result of this approximate equality,
representative  flow curves for all alloys were developed for the mean
strain rate condition and plotted in Fig. 83b . These k; values are 76, 78,
85, and 92 MPa for 30iW, 304W, 316W, and 317W, respectively.

The roil separadng forces for 301W, 304W, 316W, and 317W are
respeatively determined to be 1159, 1188, 1307 and 1403 newtons per mm
width (Fig. 84). The instantancous power requirement for the planetary

assembly is given by the formula (280):
Power = [[2(P.l. sin o+ G_l/lg) Rb)/(l + cos 91) + {( GTRb)/RP}] w (55
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P is the total roll separating force, @ is the subtended angle at the

point of mean strain rate, (3T is the twal torque, RP is the planetary work
roll radius, The angle of bite 0l at the point of mean strain rate is
approximately 10 degrees. Rb
the angular velocity of the backup rolls. Calculations considering a 1321

is the radius of the backup roll, and ® is

mm wide slat gives the instantaneous power requirements as 4810, 4880, 5500
and 5780 kW for the alloys in the preceding order. As shown in Fig. 85 (33,
281-283), the roll separating force, and hence the instantancous horsepower

requirement, are functions of the metallic solute content.
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CHAPTER §
DISCUSSION
5.1 WORK HARDENING - RESTORATION - FLOW STRESS
5.1.1 FLOW CURVE CHARACTERISTICS

The experimentally derived torque values plotted in Fig. 3a-d indicate
that the slope which represents the strain rate sensitivity rises to higher
values as T increases as a result of rising DRV (49, 182, 184). The values
for the as-cast are slightly higher than those for the worked material at
low T and the converse a2t high T. In addidon, for all deformation
conditions torques are higher in the former than in the latter. This is
primarily due to the presence of & femite in the former which raises the
dislocation density, particularly at low T and high € Furthermore, m rises
as the solute content increases at low T (22, 86, 89, 90, 101) under
circumstances where torques are higher than for 304W.

The representative o©-8 curves of both as-cast and worked material
plotted in Fig. 4a-d (184, 191) are analyzed in conjunction with the 6-c
plots in Fig. 5a-g (Secs. 4.1.1, 4.1.2). At low Z (1100°C, .1 s'l), Oy, =
0.68 © and at high Z G0°C, 5 ) o, is ~ 039 o for all materials
Nevertheless, oyoand Gp arc higher for the as-cast than the worked material
duc to the effects of & particles; being > 0.6 um, they create a fine
substructure in the matrix around themselves and considerably raise 6  (the
slope of o©-€ curve). In the initial rise of the flow curve, 6 is linearly
decreasing to a strain of about ten percent (113, 119, 123, 125 126, 191,
260). Then the rate of decline of 0 slows down as a result of the formation

of subgrains (SF in Fig. 5a-h) (90, 119, 124-126).
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The concurrent hardening and polygonization continue up to € (82, 84,
86, 88, 89, 99, 101, 132-137) at approximately 0.64 € and 0.70 € in the
worked and as-cast materials respectively where DRX is initiated, thereby
reducing O significantly and leading shortly to the peak. As DRV and DRX
override the effects of work hardening, the 304C curve (1000°c, 5 sh
drops sharply to fracture at c, = 094 Gp, whereas the 304W curve drops
less quickly to the onset of a steady state regime in which concurrent
straining, DRV and DRX continue until fracture intervenes at a lower o~
0.81 op but at a much higher E. Similar behavior is exhibited by the other
alloys. For the worked materials, the curves drop = 77 MPa to steady state
at high Z (900°C, 5 s'), whereas they drop = 7 MPa at low Z (1200°C, 0.1
s) (34, 89, 90, 99, 101, 168, 174).
5.1.2 INFLUENCE OF DYNAMICALLY RECOVERED SUBSTRUCTURE

DRV is revealed by the flow curves and strain hardening rates (Secs.
23.1, 24.3, 4.1.1, 4.1.2). Inspecion of the curves in Fig. 4a-d shows
that the rate of initial work hardening and the maximum level of the flow
stress  decreases as T increases and € decreases. This is evident in the
peak stress, the steady state flow stress, and the saturation  stress.
Although DRX 1is responsible for the characteristic shape of the flow curves
(Secs 2.3.2-23.4), it contributes only a smnall amount to the overall
softening when differences 0:('1‘) - o'(T ) in Fig. 4a-d and o:(ZOOC) - 0:(T)
in Fig. 6a-c are considered.

Consequently, the DRV substructure essentially determines the flow
stress as depicted in Fig. 69ab. The micrographs further confirm that the
characteristic shape of the flow curves (Figs. 64-68) is due to the

softening effects of DRV and DRX (Sec. 4.6). As seen in Fig. 68a-c,
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deformation at high € and low T results in a more rapid generation and
slower  annihilation of dislocations, respectively.  Therefore, the  steady
state balance is reached at a smaller subgrain size and higher flow stress
(34, 84, 86, 88, 89, 90, 99, 134).

5.1.3 PEAK STRESS AND STRAIN, EFFECTS OF SOLUTE AND & FERRITE

The values of € and o arc plotted as functions of T and € in Figs.
10 and 11. The peak strain is a result of the increasing influence of DRX
which starts at € (0.61-0.72 ep) (34, 84, 86, 89,90, 99, 101, 136, 195).
This strain is diminished by structural features which aid the substructure
to build up sufficient density and configuration for nucleation of DRX but
is avgmented by featurcs which retard growth by migration of boundaries
(84, 86, 88, B89, 99). The peak flow stress reflects the averaged
dislocation  density, whereas nucleation reflects localized regions of high
density, large particles may decrease € faster than they raise crp.
Whatever retards growth will allow dislocaton density to rise in some
regions So S rises as e rises, but not proportionally.

Meiallic solute additons (34, 84, 86, 89, 90, 101, 131) in the order
301, 304, 316, and 317 clearly raise o, and also ep because solute also
retards grain boundary migration and is responsible for the order of 301W,
304W and 316W. However, the large particles (>0.6um) of & ferrite, which
require additional adjacent matrix flow and hence strain hardening, raise
the as-cast op. but also enhance nucleation (90), thereby reducing sp. The
presence of about 5% O ferrite is responsible for the lower 317W e in
spite  of greater solute content. Solute may simply raise the flow stress
without affecting the dislocation density (90). If it reduces DRV, then it

could decrease ec.
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5.1.4 STRAIN HARDENING RATE VERSUS FLOW STRESS CURVES

In the 6-6 plots (Secs. 224, 4.1.2) the initial slopes for the
as-cast materials (Fig. 5a-c) are slightly lower than those for the worked
(Fig. 5d-g), but because of the higher stress levels extrapolate to a
higher 6 at o = 0 (90, 113, 114, 121-123). The average value of 8 for the
worked is 3660 MPa which is = 9 percent lower than the 4040 MPa derived for
the & bearing as-cast materials. Due to greater solute, 6 for 316 and 317
is about 14 percent greater than that derived for 301 and 304. At 900°C, S
s, the first segment of the as-cast curve is higher and with a slope of =
-15 decends more slowly than that of the worked with a slope of -20, thus
indicating greater work hardening due to 8 particles.
5.1.5 INFLUENCE OF DYNAMIC RECOVERY ON 6

As shown in Fig. 5h, the rate of decrease in O through stage Il from
stage 1I is suddenly slowed with this change appearing fairly late in the
0-c curve but occuring fairly early in the o-¢ curve. This change in slope
signals a change in mechanism and microstructure (90, 114-120). Throughout
the straight low © or € segment (high ), the substructure consists solely
of dislocation tangles which increase in density as ¢ and € increase (90,
119, 126). At € and © near the change in slope, subgrains begin to form
near the grain boundaries and then spread towards the center of the grains
(119). With continuing strain these subgrains become smaller and sharper,
with  misorientations not changing appreciably.  The initiation of  this
subgrain formation is marked on the 6-0 plots by the lowering in the slope
as indicated by a diagonal line SF through the origin (Fig. 5a-g) (90, 119,
121-123). It is thought that the completion of the polygonization is marked

by the start of the second linear segment.
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Upon initiation of subgrain formation, the as-cast material does not
show 2, great a change in the slope because of a higher more inhomogeneous
dislocation density and less uniform polygonizaton (90). As € decreases
from 5 to 1 s’'at 900°C (Fig. Sac) in the region of subgrain formation, 6
for 304C decreases from 330 to 104 MPa (6 = 220 MPa) in comparison with 278
to 135 MPa (o = 149 MPa) for 304W. All other alloys exhibit similar
behavior. This greater decrease in O indicates greater increase in DRV in
the as-cast which is a result of its much lower initial level of recovery
(90). Finally, the curve arrives at a point of inflection, indicating the
initiation of DRX (90, 121).

5.1.6 EFFECTS OF DYNAMIC RECRYSTALLIZATION ON € - “URVES

As T rises for all alloys, the slopes of the second linear segment
increase, thereby graphically showing that as T augments DRV, subgrain size
increases as has been confirmed by TEM (Figs. 56ab, 65a-d, 66ab, 67a,b,
Sec. 4.64, 4.6.5). Again, the as-cast material with higher dislocaticn
densities, because of the presence of 8 particies (90), has progressively
lower slopes in the first linear segment than the worked as T drops (260).
In addition, the results of Kassner et al. (125, 260), athough at a much
lower T and €, agree fairly well confirming that the bend is related to
formation of subgrains. The curves of Carfi et al. (119) (Fig. Se) agree in
general with the present curves but have much higher stresses particularly
at 900°C because of much higher solute concentration. Due to greater
dislocation accumulation in the above alloys, DRX is initiated closer to
the peak strain than in the present alloys. The substructural changes in
the second linear region also lead to higher misorientation cells which

lead to formation of DRX nuclei (90, 119, 126). Since DRX in the as-cast is
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enhanced in the region of & particles which has been verified
metallographically (90), the curve drops more quickly from the second
linear segment than it does for the worked alloys.

5.1.7 TEMPERATURE-STRAIN RATE DEPENDENCE OF SATURATION BEHAVIOR

The saturation stresses G: from Fig. 5a-g give risc to a fan-shaped
series of constant € lines in a logarithmic plot against T, which, in
agreement with other work (113, 126, 183, 191, 261), converge at 0 K. This
unique saturation stress equals 7.5 X 10° MPa for 304 and is much lower
than the value of 14.1 x 10° MPa for 301 due an increasing volume of
cardides as T decreases. Due to increased solute in 316 and 317, this
stress rises to 168 x 10°, and 28.2 x 10° MPa, respectively. o: can be
considered to represent the condition when thermal activation is absent and
strain can occur by dislocation glide alone (82, 83, 88). While the work of
Donadille (126) (Fig. 6b) is in agreement, the extrapolation of Kocks (113)
(Fig. 6a) appears incorrect due to inadequate data.

The pattem of strain rate sensitivity in Fig. 8a-c is similar 1o that
in Fig. 3a-d. Due to the high stresses, this matrix of values are
indicative of power law breakdown since the stress exponent n’'(=1/m)
varies from 5 to 11 (34, 86, 90, 96, 101, 131, 134, 154, 175). The
convergence of the constant-temperature lines in an expanded log o-log €
plot illustrated in Fig. 9a-c indicates that, at some high €, stress s
independent of temperature. This totally athermal situation is symmetrical
with the &-independent condition at zero K. The critical strain rates,
varying about two orders of magnitude beyond 1 x 10° s'l, could be
associated with the elastic wave velocity for steel of 51 x 10° cm s",

which represents the upper limit of dislocation wvelocity (65). Alternately,
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the condition could be related to the chaiacter of the current high T
obstacles which become entirely stress activated. In comparison to the base
alloy 304, the higher carbide forming 301 and 317 have lower values of G
and € .

5.2 CONSTITUTIVE EQUATIONS

5.2.1 INFLUENCE OF ALLOYING ON SINH AND POWER LAWS

The hyperbolic sine function {Secs. 24.1, 242, 4.2.1) suitably
demonstrates the dependence of the peak flow swess on € The sets of
parallel lines, one for each T of the matrix of experimental points in Fig.
12a-d show the greater effects of T on the as-cast as compared with the
worked material. The as-cast material has greater peak strength than the
worked for the 304 and 317 but the difference for 316 is less, since it has
the lowest volume fraction of & phase, 0.20, compared to 0.31 and 0.23,
respectively. The difference in o is less at lower T possibly because the
v matrix could be becoming much stronger relative to the & phase (90).
Moreover, the two phases could have similar slip characteristics, thereby
facilitating slip tansfer. Furthermore, it could be due to the location of
the O at the dendrite cores. The stress exponents for all alloys are in
close agreement with the mean of 4.3 derived from seventy published reports
listed in Tables 1-4 (49, 57, 63, 76, 77, 119, 126, 152, 158-195).

While the divergence from the power law starts at 100 MPa in Fig. 16b,
it commences at 1080°C for 304W much lower than 1150°C for 317W. Since 301W
and 316W curves bend over at 1050 and 1110°C respectively, the order of
increasing T corresponds to that of rising metallic solute. Morcover, the
rate of divergence from linearity is less for 301W and 304W than it is for
316W and 317W. Whereas, the values for P are 5.3, 5.5, 50, and 5.8 for
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301W, 304W, 316W, and 317W respectively, the value of the power law n' s
59 (90, 101, 131) for all alloys which yields a commom B (= an), where o
is & constant. The power law exponent, 59, is rather high compared to 4.5
determined by sinh analysis (90, 101).
5.2.2 ACTIVATION ENERGY - SOLUTE EFFECTS

The excellent fit in Fig. 13a-d shows that the caiculated QHw applies
across the entire deformation range throughout which there is the same
mechanism for all alloys (Secs. 2.4.1, 4.2.2-4.2.5). When account is taken
of the differing solute contents, the wvalues of QHw for all alloys are in
agreement with the mean values reported in Tables 1-4. Through the
extensive search of other work, it was found that QHW is directly related
to the total metallic solute of ¥ stainless steel (49, 57,63, 76, 77, 119,

126, 138, 152, 158-195). As a result, Q

w  Can be simply calculated by the

following equation derived from Fig. 17:
Q, =F S (¢ 25) W/mol, (56)

where F cquals 13.5 kJ/mol, S is the percentage of metallic solute and r is
a constant which is approximately equal to 1. Comparative flow stresses
wete calculated by the Tanaka (196) equation where the characterizing T’ of
1486 K derived for 304W in Fig. 18 was used. Since the mean stress exponent
is 43, the flow stresses for the mean 304W alloy under deformation
conditions of low Z (1200°C, 1 s') and high Z ©900°C, 1 s') are predicted
to be 73 and 224 MPa, respectively. Flow stresses of 60 and 185 MPa for the
present 304W under the same conditions are in agreement with this mean
alloy (Tables 1-4) when differences in metallic sclute are considered (34,
42, 86, 89, 101-104).

The log-log linear comrelation for all alloys between Z, specifying
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the working conditions and the peak stresses in the log-log plot of Fig.
15a, facilitates interpolation for any working condition to find the stress
for use in rolling formulae. However, it should be realized that it does
not take into account the effects of increasing peak stain and
deformational heating with rising Z which is considered later. Similar
behavior in Fig. 15b for c: is not entirely unexpected since it is quite
close to S, although it does increase more rapidly with Z as seen in Fig.
5a-h.

Lines have been added to Fig. 15b showing the behavior of a 304W ziloy
(S+7+4Ti) with a 7 percent increase in metallic solute containing 0.7 Ti
(176) and another 304W alloy (S-11) with a 11 percent solute increase,
without significant carbide forming elements (179). Both these alloys and
the present one have similar flow stresses at low . since most elements are
in solution (34, 86, 89, ©0, 131). The QHw values increase with metallic
solute content. The present alloy exhibits 60 MPa at 1200°C (1 s') , S+11
at 1210°C and S+7+Ti at 1220°C. This behavior confirms the strengthening
effectiveness of Ti even at high T. While the present 304W alloy with 0.06C
when cooled to 900°C climbs to a flow stress of 185 MPa, the S+11 alloy
with low 0.03C needs cooling to 875°C and S+7+4Ti, with a high 0.11C needs
vnly 1000°C.

5.2.3 DEPENDENCE OF PEAK STRAIN ON Z AND Do

The effects of the deformation condition Z wupon the ep for a variety
of 304W alloys with varying grain sizes are depicted in Fig. 14 (76, 152,
157, 167, 174, 178, 262) (Sec. 4.2.2). The relation between € and Z arises
because increasing solute which retards DRX raising ep. also raises va
thereby augmenting Z. The €, for small D, arc lower than those with a
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larger Do duec to faster DRX (84, 89, 90, 99, 134). Morcover, the peak
strain for mild steel (262) is near the lower limit for those of 304W
alloys. It decreases less rapicly as Z decreases relative to 304W, but more
rapidly as T increases because of the lower an' Furthermore, the grain
size exponent is smaller for the mild steel.

5.2.4 KOCKS-MECKING ANALYSIS OF THE SATURATION STRESS

In the Xocks-Mecking analysis (113-115, 198), the activation energy is
not a constant but varies with stress because of associated changes in the
recovery mechanism as T and € change. For <ach deformation condition, Fig.
7 is used to determine the stage III activation enthalpy AH ( = T In
[c:olc:]) which is strongly siress dependent. From the derived slopes
-I'/RT, the value of I' can be dztermined which is subsequently used in Eqn.
22 (113, 114), The value of I' is constant for a given T but decreases as T
increases and is determined to be 78 and 93 MPa at 900°C and 77 and 89 MPa
at 1200°C for worked and as-cast 304, respectively. As T decreases and €
increases, the stress ratio decreases, thus the value of AH decreases.

The values of AH agrce with those determined by sinh analysis only at
the higher temperatures where the activation entropy gives & constant free
energy (113-118). This arises because the sinh-Arrhenius analysis  assumes
the same mechanism across the entirc range as is waditonally assumed in
creep (20, 34, 101, 156, 168). The AH cannot bc used in the waditional Z
parameter, instead Egn. 21 should be used with the constants T, o:o. E,.
The upward extrapolation of the matrix of data points in Fig. 7 converge at
a unique éo (113, 1i9) which is higher for the as-cast materials since they
go to higher swresses and are less strain  rate sensiive. The daia  from

another worked alloy falls on lines for the as-cast matenial because it has
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a higher metallic solute conteni (119). The AH values range from 392 and
427 for low Z to 274 and 304 kJ/mol for high Z (304W and 304C respectively)
as the mechanism shifts from dislocation climb to cross slip (90, 113,
198). The fact that all alloys can be described by stage III theory is
clear evidence of the significance of dynamic recovery mechanisms (curing
hot working (113-123).

5.2.5 YIELD STRESS-ATHERMAL BEHAVIOR

The gap between c and cyo in Fig. 19a,b is indicative of DRV with a
lesser contribution from DRX (86, 90) (Sec. 4.2.5). At 850°C, A(G, - o )
for 304W is 49 MPa, whereas it is 175 MPa for 304C. This significant
difference is the effect of the large quantity of elongated & ferrite
particles in the latter. As T increases to 1200°C, these differences
decrease to 5 and 44 MPa respectively. In comparison, at low T the 317 has
greater differences, these being 254 and 125 MPa for as-cast and worked. As
T rises, the A(O" - O‘yo) for 317 (W, 6MPa; C, 36 MPa) become similar to
those of the 304 since carbides have dissolved and solute interactions have
diminished considerably (34, 84, 86, 89, 90, 131, 134, 168, 176, 179).

Across the deformation conditions, the range of S, is 75 MPA for both
304W and 317W, while it is 32 MPa for both as-cast. The narrower range for
as-cast is primarily due to the dendritic distribution of & ferrite which
gives less decrease in strength as T rises in comparison to the more
homogeneous equiaxed structure. Consequently, the cast is more sensitive to
both T and ¢ for o and o, but not for o . Duc to its lower metallic
solute content, the athermal behavior of c, occurs below about 825°C in
304W, and below 900°C in the Mo bearing 317W. Between these alloys, 301W

and 316W exhibit similar behavior with the thermally activated release of
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dislocations commencing above 850 and 875°C. Note that at high T where the
curves become parallel, the yielding mechanism and flow-recovery mechanism
become similar (86). Data from other work on 304W (263) fall on the present
curve.

A detailed analysis of the differing behavior of as-cast and worked
316 materials is demonstrated in Fig. 19b. The peak, saturation and steady
state flow stress arc graphically compared with the yield stress. Contrary
to the other alloys, where the as-cast material is higher than the worked
at all T due to the strengthening effect of & ferrite (34, 86, 89,
101-104), 316 exhibits similar stresses at low T with 316C being stronger
than 316W at high T. Due to its equiaxed homogeneous microstructure, 316W
passes the athermal limit at a higher stress and temperature (875°C) than
for 316C (860°C). In this low T domain there is a high degree of work
hardening to the peak which is slightly higher for the as-cast material.
The difference between S, and c, declines to very low values by 1200°C,
but are always higher for the as-cast alloy because of additiona! hardening
around & particles. The drop due to work softening after the peak (crp to
o.) is large at high Z but small ai low Z. The drop is much less for the
as-cast material because the wvalue is an estimate as a result of
intervening failure. As expected from the 6-6 curves (Fig. 5b,f), o: is
slightly higher than op by the ratio 1.03.

5.2.6 DEFORMATIONAL HEATING: TEMPERATURE RISE AT HIGH 7

Deformational ~ heating  has  significant  effects upon  the flow
characteristics (46, 63-78) of all alloys tested (Secs. 2.1.6, 4.2.6). It
increases in importance as flow stress rises with Z, particularly in high

flow stress alloys such as 317W at low T because the rise in temperature
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decreases the effectiveness of carbides. At 1200°C, 0.1 s' (low 2Z), heat
production is low and the surface T remains nearly constant, since the
temperature  controlling system compensates (73). Thus, the calculations of
AT are approximately 47°C per unit strain at 900°C, 10 s' and 18°C per
unit strain at 1200°C, 10 s' and are in close agreement with values of
57°C and 25°C from other work for these conditions when differences in
solute content are considered (70, 73, 76, 78). At high Z, the deformation
moves closer to adiabatic; consequently, T rises quickly with € causing the
torque to decrease. This augments the amount of DRX work softening which is
naturally steeper with increasing € and decreasing T due to the greater
difference in strength between matrix and DRX grains (84, 86, 89, 90).
5.2.7 ACTIVATION ENERGY CORRECTION

When the lines on Fig. 20 are shifted by the calculated rise in T, the
corrected value Qch for 304W is 479 kJ/mol and agrees with 483 kJ/mol
found for a similar alloy through research using slightly different methods
(157). Since the comrections in Fig. 20 cause an angular shift in the log
sinh oo versus 1/T lines, it can be applied by cstimation to uncorrected
published data. Considering the calculation of QHw for 304W by the metallic
solute content method, it is observed that the 22 percent rise over Q”W
gives a Qch equalling 16.5 kJ/mol for each percent of metallic solute.
Consequently, for the 304W alloy with a grecater metallic solute content,
tested in compression by Semiatin and Holbrook (76), a Q"w c of 540 kJ/mol
is calculated by this method. This value agrees with Qch of 542 klJ/mol
determined, conventionally, from AT in Eqn. 44 at 10 s'. Since both 316W
and 317W experience approximately the same percentage increase as 304W when

corrected, their respective values can also be calculated as 16.5

QHWC
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kJ/mol times the percent of solute.
5.2.8 INDUSTRIAL APPLICATION IN MODELLING

Since deformation is taking place at high strain rate in planetary
rolling (1, 38, 279, 280, 282, 283) (Sec. 4.7.2), the thermal condition in
the deformation zone is considered adiabatic. Thercfore, the effects of
deformational heating was considered in estimating the average T as 1307
compared to a prcheat of 1250°C (Fig. 83a,b). Whenever high strain rates
occur in  rolling  mills, deformational heating should be seriously
considered when conducting modelling exercises. In industrial processing at
a certain nominal T and €, the work heating is expected to be greater than
in torsion tests because of the redundant work associated with more complex
shape changes. Furthermore, the actual temperature change is affected by
friction with and by dissipation to cold tooling (8, 33, 43, 65).
Nevertheless, the accurate estimation of the temperature with the use of
corrected stress values is superior to the wuse of uncorrected stress values
with the assumption that the net process heating is similar to the test
heating for the same nominal conditions (22, 157). The validity of the
force calculations then depends upon the ability to determine the real
temperature in each pass. Deformational heating generated in the torsional
simulation of a seventeen pass cross country mill (Sec. 4.7.1) where the
pass strain and € are constant at 02 and 1 s' varies from from a
negligible 2°C at 1200°C 10 only about 10° at 900°C. Since the temperature
effect upon flow stress is minimal, no correction was deemed necessary

(21-27, 29, 30).
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5.3 DYNAMIC RECRYSTALLIZATION
5.3.1 NUCLEATION

A comparison of Figs. 21ab (138, 264) and 22 (119, 126, 168, 174,
196) reveals that a decrease in T from 1200°C o 900°C at 1 s’ lengthens
the initiaion of DRX from about 0.25 to 0.45 seconds; the former appears
large in Fig. 2la,b bccause of the mechanical magnification, whereas the
latter is small in Fig. 22, parly because of the log scale. Although v
varies slighdy with rising T, which lowers the driving force while raising
the activation level, it decreases markedly with rising € even though €
rises as a result of concurrent straining slowing DRX initiation. The
variation with T reduces as € rises because of the above changes (Fig. 22).
Furthermore, t of the as-cast material is reduced more than the worked by
rising T possibly because of the decrease in the strain concentration ai
particles as DRV increases.

The times determined from the work of Barraclough (174) are consistent
with the present work, being a little greater due to slightly higher solute
content (30.7) and larger Do' The alloy torsion tested by Carfi et al
(119) exhibits a higher slope, rising to that of the present work at 900°C,
0.1 s'; this increase in t is due to a higher solue (316). At 1 s,
the present alloys exhibit increasing t in the order 304W, 317W, and 316W.
The considerable retardation in the present 316W alloy across the entire
range is primarily due to its high solute and low carbon (0.01) content.
However, for the 316W with high 35.5% solute tested in torsion by Donadille
et al. (126), t increases  significantly as T drops because  solute
interactions augment rapidly. In spite of its greater solute than 316W,

317W experiences shorter t because of the presence of 5% & ferrite. The
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317W of Boden (195), although it has a lower & (=~ 0. s™), approximates
the present 317W at 1 s™.

In conjunction with the significant dependence of € on Z in Fig
2la,b, the dependence on T at 1 s' is also evident. The behavior of 304W,
304C and 301W behave similarly to other work (119, 126, 168, 174). At low
Z, e is much higher for 316 because of the additional solute, but is only
slightly higher for 317 because of the enhancing effects of § ferrite. The
temperature below which DRX ceases when an alloy is deformed to a strain of
0.5 at 1 s, illusrated in Fig. 2la, arc 817, 889, and 917°C for 304C,
304W, and 301W. Subjected to similar deformation conditions, these
temperature limits are 842, 887, 928, and 979°C for 317C, 316C, 317W, and
316W (Fig. 21b). The values of € for the as-cast materials, as well as
317W, are lower due to DRX enhancement by 31, 23, 20, and 5 percent &
ferrite for 304C, 317C, 316C, and 317W, respectively.

Due to low solute, the 301W alloy at high T (1200°C) takes a higher &
(0.36) to accumulate a high enough dislocation density for the initiation
of DRX (Fig. 21a). On the other hand, lower solute should increase mobility
thus lowering E. (31, 34, 84, 86, 89, 90, 99, 101, 134); one must assume
that this effect 1is relatively less than that on density. This slowed DRX
for 301W also appears in Fig. 2la (138, 264). This situation is diminished
as T drops and carbides are formed so that 301W and 304W converge at 800°C.
For the alloy of Maki et al. (138), tested in tension at low strain rates
(1.7 x 107 s'), the lowest T for possible DRX is about 1150°C at 1 s?,
which is coincident in Z value with the condition 950°C, 1.7 x 10° s
The low reported values at low Z arise partly because these tests were

conducted in tension. When consideration is being given to grain refinement
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by DRX during a pass, Fig. 21a,b can be viewed as defining the limiting Z
for DRX for the given pass strain. For Z conditions lying to the upper left
of the curves, the specimen is either partinlly or  completely
recrystallized, whereas for those lying to the lower right, the Z is beyond
tae limit where DRX can occur (90, 138, 264).
5.3.2 OSCILLATORY FLOW CURVES AND SAKAI-JONAS ANALYSIS

The changeover from single peak to oscillatory behavior in the flow
curves (Fig. 4a-d) is associated with ep (a rough measure of €) becoming
larger than the strain ((»:,l = e'-sp) for the completion of DRX as
illustrated in Fig. 23 (136, 174) (Secs. 2.3.4, 4.3.2). When ep > € there
is no overlapping of the waves of DRX because one wave is completed at £
before the first grains of that wave are ready for DRX at ep from the first
peak (34, 85, 86, 97, 133, 136-138). The crossover for 301W occurs at a
lower cp (40 MPa) at a higher strain (0.44) compared to 304W with a c (45
MPa) at a strain of 0.38. This is consistant with the lower o and slower
DRX in 301W (Fig. 23) than 304W; hence the curve for 301W is considerably
higher than that of 304W. The crossover for 317W occurs at a similar o, (46
MPa) and strain (0.38) as 304W due to DRX enhancement by 5% & (ferrite.
316W with solute close to 317W, but no 8 ferrite, has the highest crossover
conditions occuring at a strain of 0.50 with a S of 49 MPa. In comparison
with Fe-0.25C (136) which attains op = 44 MPa at a low strain of 0.2, the ¥
stainless alloys exhibit slower DRX kinetics due to higher metallic solute

-1

conients. The wvalues of € for deformational conditions, 1000°C, 1 s, are

2,67, 204, 237, and 242 for 301W, 304W, 316W, and 317W, respectively.
These values indicate that, in 304W, DRX is complete at a lower € than the

Mo bearing alloys; with 301W having the highest due to the retarding
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effects of the larger volume of carbides. For another 304W alloy (174) with
greater D, and high solute, the crossover by extrapolation occurs at
1305°C, 0.1 s (cquivalent 10 0.01 s* at 1200°C).

The general shape of the flow curves is strongly dependent on D, and Z
as summarized by Fig. 62 (133). The single peak curve is obtained when D
decreases with DRX (D'<Do), and the oscillating curve is obtained when Ds
increases with DRX (D'>Do); for each D0 there is a critical Zc above which
the former behavior occurs (138). The crossover Z values from Fig. 23 and
the measured D, are plotted in Fig. 62; they obey the predicted
relationship. Moreover, there is only one point for each alloy with a
larger D which is that having the periodic curve at lowest Z. As an
cxample, for a Z at 900°C, 1 s, the grain sizes at which transition in
the curve type is possible are 16um for the 0.16C (133) steel and 14, 13,
10, and 8um for the alloys 301W, 304W, 316W, and 317W, respectively,
confirming that DRX is stongly affected by metallic solute content. Thus
at this relatively Jlow temperature grain refinement will occur for ail
grain sizes larger than those above.
5.3.3 AVRAMI KINETIC ANALYSIS

In the Avrami plot (23, 70, 106, 139, 141, 204, 205, 209, 211, 212)
(Secs. 23.5, 4.33), the data for 304W determined by mechanical
metallography has a slope of 1.28 (Fig. 24) which is in good agreement with
slopes between 1.3 and 1.4 for the experimental data from other hot
deformation research determined by optical metallography ( 126, 168, 174,
195). The series of straight lines displace to longer times as D,
increases. The slope is similar for the several alloys at the same €, but

falls as € decreases. The slope of 1.3 for 317W compared to 1.27 for 304W
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is consistent with its slightly shorter times for DRX due to enhancement by

5% & (ferrite. which is the y intercept in the transformed Avrann

Borx
expression varies from 2.7 to 2.4 for 304W with small D0 and from 1.2 1w
0.9 for 304W with large D,. The value of B for 317W alloys ranges from 3.4
for small D, t 036 for a Ilarge D, a a strain rate of 0.5 '
Consequently, Bpxx is sensitive to D0 while kDRX is not (31, 134, 168).

The plot of XDRX against strain (Fig. 25) (Sec. 4.3.3) (31, 134, 168,
174, 195) can be transformed into the conventional S-shaped curve of me
versus log t by dividing € by € (31, 138). Morcover, the present graph
differs from the S curve insofar as DRX proceeds rapidly as soon as it is
nucleated (31, 34, 84, 86, 89, 90, 99, 101, 138); thus many sites, being
developed by the dislocation accumulation, become operative simultinecouly
near €. This rapid advance compared to SRX is consistant with € for DRX
being much larger than € for SRX (22, 84, 86, 143, 168, 203). lex
increases in direct proportion to strain until considerable DRX has been
attained and then the curves bend over reaching much higher strains as DRX
nears completion in consistency with the shape of the flow curves (Fig
4a-d). The doubling of the strain for completion from 2 1o 4 as D
quadruples (138) is primarily due to the lower grain boundary area per unit
volume for preferential nucleation (89, 90, 99). The GB is more important
in DRX than in SRX with the new grains forming necklaces along the old GB
or along the interface of new and old grains (84, 86, 90, 97, 99, 132, 142,
144).

In accordance with the data illustrated in Fig. 28, the rate of DRX s
inversely related to D (168, 174). While there is scatter at X

DRX

equalling 0.30, it becomes much less as X goes to 0.80. Manipulation of

DRX
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the Avrami expression (Egn. 10), in which B is replaced by KD, (K being
a constant), the time derivative is taken and results in the following

expression for the rate of DRX (134, 195):

k -1
dXDRx/dt = kDRx K/Do t DRX (l-XDRx) (57)
Replacing t with (e-€ /£) the following equation is obtained:
_ k-
deR.x/de = (CDRX) / Do (E-ECIE) DRX (58)

where the constant CDRX equals kDRxK(‘x-XDRx). From Fig. 28, at XDRX
equaling 0.80, the value of CDRx is 0.04 for the present 304W compared to
the mean of 0.05 from a high value at large Do (174) and low one at small
D, (168).
5.3.4 DRX DISTRIBUTION ALONG FLOW CURVE

From the flow curves in Fig. 26 (168, 174, 195), the onset of steady
state, which is a function of T, €& and D is about three times € The
present 304W with a solute content of 29.0 and a Z value of 13 x 10" s*
has a flow stress which is lower than the 304W of Ahlblom (168) with a
solute of 29.6 as well as a slightly higher Z value of 3 x 10'° s'. The
higher stress curve is also attributable to the approximately 7% higher
flow stresses obtained in tension and compression testing due to texture
and Taylor factor differences (40, 53). Both of these curves are lower than
that of Barraclough (174) due to 30.7 metallic solute content and a larger
D, Duc to 1% greater Mo content and greater N content, the 317W of Boden
(195) has a considerably higher op than the present 317W.

Indicated along each curve are the percentages of DRX attained since
its initiation at €. Alloys having similar metallic solute and grain size,

attain 31% DRX at ep (134). Due to larger Do’ hence slower DRX kinetics,
the 304W of Barraclough (174) has considerably less about 14%. Boden’s
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(195) 317W with a 4.3 Mo content which retards DRX achieves only 9% at €
As demonstrated in Figs. 22 and 25, 304W and 317W have similar DRX
characterisics in spite of their obvious differences.  Moreover, they
attain the same DRX percentage at the peak (31%); 317W exhibiting such a
low strain due to the favorable effects of 5% & ferrite.

As shown in Fig. 25 (168, 174, 195), the alloys experience initiation
of DRX at different €, which cluster around a mean value of 0.33. However,
the progress is strongly dependent upon Do; E for all alloys with a small
D0 ranges between 1.6 and 2.0, but for large Do' it is about 3.2. For about
the same Do’ € increases approximately lincarly with rising °,,‘ After  90%,
DRX slows down to the extent that it takes approximately one third of the
total strain to advance to completion. The T dependence for 99% DRX (Fig.
27) is moderate for 301W, 304W, and 316W, but for 317W it is much lower
indicating the retarding effect of & ferrite. While 304W has the highest
DRX kinetics at all T, 301W has the lowest at low T. This is consistent
with Fig. 23, where E is much higher for 301W than for 304W which is
related to extended overlapping of DRX waves (84, 86, 88, 89, 90, 97, 99,
101, 133-137), and is consistent with the high €. DRX times for 316W with
high Mo content lie between 301W and 304W. The time for 304W of Ahlblom
(168) is greater than that for the present 304W due to greater solute
content in spite of the faster |kinetics generally experienced in
compression and the smaller D, The completion of DRX for large D, are
displaced to greater times due to reduced area of grain boundary or
interface between the new grain necklaces and old grains (84, 86, 99, 142,
144).
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5.3.5 ACTIVATION ENERGY FOR DRX

The € dependence of time for 99% (Fig. 29ab) (Sec. 4.3.4) are
comparable to the constitutive plots of € versus sinh acp (Fig. 12a-d)
where the constant T lines slope upwards to the right because of the
reversal of the vertical axis (¢t = €/€). The slopes of the parallel lines
for 3C1W and 304W are 4.1 and 4.3 respectively compared with 4.4 and 4.6
derived from peak flow stresses, in consistency with the lower strain rate
sensitivity of o. From Fig. 30a (comparable to Fig. 13) the QDRX for 301W
is slightly higher than that for 304W (similar to Quw)’ again due to
carbides at low T. As a result of the inclusion of lines for o and c, in
Fig. 30b, the manner in which the activation energy varies along the flow
curve from the initiation of DRX (Qcp.x) through the peak (QHW) to the onset
of steady state (QDRX) is noted (101). From the critical stresses which are
the upper limits of DRV alone, a anx of 351 kJ/mol is found which compares
favorably with the value of 314 kJ/mol for creep (34, 84, 86, 101, 156,
168). A similar value of 380 kJ/mol was determined by Ahlblom (168) at a
constant strain of 0.3 which is within the region of DRV. At the peak of
the curve, where the DRX has lowered the strain hardening rate to zero (6-¢
plots, Fig. 5a-h), Qw has a value of 393 kJ/mol in comparison to 418
kJ/mol determined by Ahlblom (168). Finally, calculated for data at the
onset of steady state QDRX is 291 kJ/mol which is less than the QHW as
discussed in Secs. 2.4.1. Similar behavior is exhibited by 316W and 317W in
Fig. 30a where the slopes rise to lower values due to solute which
increases G and consequently o©__.. Since this higher solute retards the
completion of DRX (31, 84, 86, 89, 90, 99, 101), it raises their values of

Qom' While all alloys have similar DRX kinetics at high T (Fig. 30a), this
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behavior begins to rapidly diverge as T falls. Nevertheless. their Qix
values vary marginally when compared with their QHW values. This comes
about because the work softening after the peak is quite large at low T and
high € where DRX eliminates a rather high density of dislocations (31, 84,
86, 89, 108).
5.4 STATIC RECRYSTALLIZATION
5.4.1 FRACTIONAL SOFTENING

Determination of the degree of static recrystallization by
metallographic means is tedious and fails to measure softening from SRV. In
this report, the method of mechanical metallography (10, 12, 21-26, 199,
201, 202, 203, 215-219) (Eqn. 26) is employed because the drop in flow
stress is simple to measure the softening due to SRV, SRX, and grain growth
which results in a FS greater than 100 percent (10, 22, 30, 84, 86, &9,
199, 208) (Secs. 2.6.3, 2.6.4, 3.3.3, 4.4.1-4.4.3).

Due to the incubation time for the commencement of SRX (22, 201-203),
the first 30% FS is due to DRV (174, 199, 208). In Fig. 37a, FS is plotted
against accumulated pass strain with a horizontal line drawn through 30% in
the lower portion of the graph indicating where SRX starts (Sec. 4.4.3).
Under all conditions, the as-cast has lower values of FS due to & ferrite.
The static softening behavior of the as-cast alloys is performed through an
analysis of Fig. 37b where the average FS for each deformation condition is
indicated. The 316C has the largest FS despite the fact that it has the
lowest flow stress and hence stored strain energy. Both occur due to the
alloy having the lowest concentration of & ferrite. The 304C, having a much
higher fraction of & ferrite, has about 3% greater flow stress but 10-40%

less softening for equivalent conditions. The 317C with less & than the
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304C has 20% greater flow stress and about the same FS.

The FS rose for all alloys as the interval increased from 20 to 40 s.
Furthermore, an increase in temperature had a more pronounced effect in
raising FS than did € While there is a 26% increase in FS at 900°C
compared with 14% at 1000°C when the strain rate rises from 0.1 to 1 st
FS increases 71% at 0.1 s and 54% at 1 s’ when T increases from 900°C to
lOOOOC. Whereas, the increase in the former is primarily due to greater
stored energy from higher flow stresses, increases in SRV and SRX through
thermal activation is more effective in raising FS (31, 84, 86, 89, 99).
Volume fraction recrystallized increases from about 5% to 15% when the T
rises at the highest €.

5.4.2 SRX KINETICS

The testing method illustrated in Fig. 31ab (Secs. 2.6.4, 4.4.1, 44.2)
allows the determination of FS for different interval times. The envelope
curve exhibits weak peaks for both 301W and 304W with the latter dropping
more rapidly due to greater FS. The work of Barraclough (174) is wused for
conversion of FS to X rx defined by Eqn. 28, which is wverified by the
formvla developed by Sandberg and Sandstrom (208) (Eqn. 27) where the
characterizing value t for 304W equals 0.37 for deformation conditions
1100°C at 1 s Figure 32 shows the slope of the Avrami expression and the
traditional sigmoidal S curve. The behaviors of 301W and 304W are similar
to that of 304W of Barraclough (174) displaced to longer times. This
divergence is primarily duc to a lower test T of 1050°C and larger Do'
These differences gencraic the same ksax value of 1.3 for the present work
with a corresponding higher value of 1.7 for the other work (174). The low

kopy Values of 1.2 and 1.1 for 316W and 317W are due to high solute
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inhibiting the growth of SRX grains (22, 89, 99, 134, 139, 208). As with
DRX Kkinetics psnx is a strong function of the original grain size. Due to
the larger grain volume, it takes longer time for the growing grains to
consume the old grains. The slopes for both 316W and 317W are displaced to
the right due to high Mo contents.

In agreement with other recent work (106, 130, 168, 174, 180, .u4,
213, 265, 267-269), ts is a strong function of the pass strain and the
power of -2 differs from -4 found for C-Mn steel (203) (Sec. 4.4.2). The
present work is plotted in Fig. 34 with extensive other work which has been
normalized with respect tc € and D, While therc is some scatter, the
results form two lines which are representative of the alloys’ metallic
solute content. In order to observe the pass strain rate effect upon bs
the temperature compensated time Wo'5 is plotted against log Z (Fig. 33)
(Sec. 4.4.1). Here it can be seen that s is proportional to Z to the
power -0.375 as previously observed (168, 174, 266), thus it de’reases as £
increases. The lines for the present 301W and 304W are displaced higher due
to a much finer Do' Furthermore, the work of Drasik and Elfmark (266)
approximates the present 301W because it was deformed at a much higher pass
strain and € The displacement is also due to the higher Qsax resulting
from a greater solute content. Qsax values for 301W and 304W  were
calculated from Fig. 35, which shows the temperawre dependence of t
normalized for strain energy. Other work is included for comparison (106,
130, 168, 174, 180, 204, 206, 212, 213, 265, 267-270). While these values

are similar to QHW’ they do not indicate complete similarity in mechanism

but rather the similar influences of alloying upon both mechanisms.
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5.4.3 ISOTHERMAL MULTISTAGE DEFORMATION AND INDUSTRIAL SIGNIFIANCE

The representative multistage flow curves, of 30iW and 304W (Fig.
36a,b) illustrate the effects of SRV and SRX between passes. Since the
first pass represents the first segment of the regular continuous curve,
subgrain formation occurs at about a strain of 0.1 (24, 25). Furthermore,
only DRV is operative during any pass because the strain is less than € (>
0.3). The multistage curves fall below the continuous curve for all
conditions. Nevertheless, during intervals at high T they drop more deeply
due to increased softening and less accumulated strain. Furthermore, the
envelope curves for 900°C become horizontal and are well below the
continuous curve (10, 12, 19, 22, 30, 86, 180, 215). Those for 1000°C
exhibit weak peaks before becoming horizontal slightly below the continuous
initially and later becoming slightly above the steady state regime of the
continuous curve. The difference arises because the softening at 900°C
causes more stress reduction even though at 1000°C the fraction is higher.

As shown in Fig. 36ab the succeeding passes of this isothermal
multistage  schedule are considerably higher due to incomplete softening
during preceding intervals. The envelope of curves 2 to 6 form broad flat
peaks because the pass curves have similar maxima and similar yield
stresses due to similar softening in the intervals. In application of this
data to the simulation of a 4 stand mill, Fig. 38 illustrates the increase
in the mean flow stress at different T of stands 2-4 over stand 1 (5, 6,
10, 15, 215). These mean flow stresses required for force calculations
determined from this type of test more closely represent the real situation
in passes after the first than those calculated from tests on

recrystallized  starting material. They are only an approximate simulation
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because in real schedules the temperature of deformation is usually
decreasing, a more realistic physical modelling with declining T  were

performed and will be discussed later (16, 19, 20-27, 30, 35, 36).

5.5 HOT DUCTILITY
5.5.1 MECHANISMS; DEPENDENCE ON T AND ¢

The ductilities of all as-cast and worked alloys increase with rise in
T as accelerated DRX more effectively retards the propagation of
intergranular cracks (12, 22, 34, 89, 99, 106, 180, 226-230, 233) (Secs.
271, 272, 455). The cracks arisc from intergranular sliding which
commences at about 600°C. The sliding on boundaries, alligned parallel to
the shear plane, induces stress concentration in boundaries lying = 45° 1o
it; this gives rise tc triple junction wedge cracks (22, 34, 86, ., 101,
226-230). The nucleation of the cracks is delayed as T rises and € falls by
the increased DRV which pemmits increased lattice flow to accomodate the
sliding, thereby relieving the stress concentration. When DRX occurs, it
moves the grain boundaries away from the cracks, thereby halting their
propagation and permitting them to be blunted (22, 34, 84, 86, 89, 10l,
226, 229, 230). Nevertheless, the fissuration gradually increases  with
strain as additional cracks form on new boundaries or old ones propagate
upon recapturing migrating boundaries (Fig. 50a).

Wil nsing T and € the former providing more thermal activation and
the latter more driving force (86, 101, 226), DRX occurs more rapidly and
in more frequently repeated waves as indicated by the decrease in E, and ep
(Fig. 4a-d). The positive effects of enhanced DRX are clearly illustrated
for 301W and 304W where € increases as both T and € increase (10, 42, 86,
89, 90, 162, 167, 168, 188, 191, 215, 235, 271) (Figs. 39, 40a) (Sec.
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45.1). Rising T greatly increasss GB migration, thereby reducing the time
that a fissure may capture a boundary and grow. While the T dependence for
both 316W (Fig. 40b) and 317W is the same as above, their ductilities
decrease as € rises (22, 34, 73, 191, 226-228).

Increasing € may have the following effects: a) enhancing DRX through
incrcased  driving force, b) decreasing the relative proportion of GB
sliding and hence cracking, and <c¢) increasing ¢ and hence stress
concentration at cracks, thereby speeding wup their propagation (91, 92).
While the first two mechanisms prevail, as in 301W and 304W, the ductility,
mounts towards a maximum as € rises. Due to solute-increased flow stress,
this increasing propagation of cracks is already occurring in 316W and 317W
at a lower €& Therefore, these two are on the declining side  (Figs. 39,
40b, 41) of the maximum at the strain rates studied, whereas simple alloys
such as 301W and 304W (Figs. 39, 40a, 41) are on the rising branch.

5.5.2 EFFECTS OF SOLUTES AND SEGREGATES

When compared with carbon steel, all alloys have a considerable lower
ductility, decreasing  with increasing solute content. Since rising solute
iowers SFE (127-130) reduces DRV (82, 84, 86, 88) and increases lattice
strength, it reduces the ability of the grains to accomodate differential
GB  sliding, thus increasing the stress concentrations at  the triple
junctions and the rate of cracking (34, 42, 86, 89, 101, 106, 107,
236-233). Moreover, rising solute, by diminishing GB mobility, reduces the
ability of DRX to isolate, blunt, and  halt cracks, resulting in the
decreased ductility of 316W and 317W.

Figures 39 and 40 illuswrate the effects of both € and T on the
cornparative torsional ductilities of 301W, 304W, 317W, 317C, and 304C. The
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301W has a higher €. at 1200°C than 304 W duc to lower solute but drops to
below the latter as T decreases below 925°C due to the precipitation of
carbides in the former. Both 301W and 304W have much better torsional
ductility than 316W and 317W because of their Mo content, which may form
carbo-nitrides at the bottom of the working range. The ductlity was lowest
in 317W because the 5% & ferrite siows DRX, thus raising the frequency of
GB capture by fissures. The 304 material is superior in ductility to a wide
variety of alloys depicted in Figs. 40, 41 (10, 42, 167, 188, 191, 215,
228, 271) and notably to an alloy tested in the slab, ingot, or as-cas
condition (271). While the present 304W is higher than other variations due
to lower metallic solute content, its € is lower than 0.14 carbon steel
(10, 215).

With 31% & ferrite compared with 23% for 317C, the 304C has the lowest
ductility due to the rapid propagation of cracks between large & particles
(240-245). The alloys 304C and 316C solidify with ferritic dendrite cores
(Fig. S1la) which are separated from the segregated impurities at the grain
boundaries (109-112) (Secs. 2.7.3, 4.5.6). Thus, their as-cast ductility is
not adversely affected by combinations of these two factors as is 317C,
solidifying with & at the y boundaries (109-112) (Fig. 52). While 316C has
a greater alloy content than 304C, it has a higher € due to a lesser §
content. The poor ductlity of 304C arises from cracking at the -
interfaces and panly from the 6 phase limiting grain boundary migration
which nommally retards GB cracking (109-112) even though it inhances
nucleation. At high Z, the fracture occurs before DRX makes significant

progress.
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553 GI'I‘TINS-‘.SELLARS FAILURE CONSTITUTIVE RELATIONSHIP

A time-to-fracture criterion, derived for creep (34, 131, 249, 250)
has been proven valid for torsion data of both 304 and 316 in both the
as-cast and worked conditions (Secs. 2.7.3, 4.5.2). Use of the exponential
function for 316C (Fig. 42a,b) provides values of B, n, and QHw for
fracture data differing from those for strength; this arises from the
strain rate dependence of €. 304C and 317C are alike in having similar
fracure and strength  coefficients which are related to the strain rate
having a negligible effect upon ductility (34, 226). Fig. 43ab reveals a
similar wvalid relationship for the present 316W and that of Teodosiu et al
(191), but with application of the hyperbolic sinh function. The time to
fracture decrecases with rising € even though € decreases. As with the
as-cast material, 316W has values of n  and QHw which are substantially
larger than the equivalent values for hot strength data.

This analysis considers the formation, growth and linking up of voids
as retarded by DRX (22, 34, 86, 89, 91, 92, 101, 131, 226-230). For the
high Z case (900°C, 5 s') where D was measured to be 12 pm and with
estimation that the surface energy of the fractured material (y) = 100 N/M
(250), the shear modulus () = 427 (900°C) and 34.8 (1200°C) GPa (146,
178, 284, 285), and Poisson’s ratio (v) = 031 (284), then the predicted
value t exp (-Q/RT) = 3.6 x 10% as compared with the experimental value
of 45 X 10™s. For the low Z conditions (1200°C, 5 s’} where D equals
75 pm, the calculated value is 2.8 x 107s  as compared with 6.5 x 107
for the  experimentally  measured one. Therefore, theory predicts
temperature-compensated  fracture times which are two orders of magnitude

lower than those found experimentally. The failure of the theory to
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accurately predict fracture times is probably duc to the retardation of
crack growth by the migrating boundaries during DRX (229, 230, 249, 250).
In addition, it is impossible to estimate how often waves of DRX pass
during steady state prior to fracture.
5.5.4 ELFMARK FAILURE CONSTITUTIVE RELATIONSHIP

The hot ductility in continuous tests is finally examined by means of
a plasticity parameter derived by Elfmark (251, 252) (Secs. 2.7.5, 4.5.3).
The mechanism of failure is related to grain boundary sliding and to the
nucleation, growth and linking up of fissures. DRX inhibits this process by
moving the grain boundariecs away from the fissures, thus halting their
propagation until they once again capture a boundary (34, 86, 89, 91, 92,
101, 131, 226-230). Because of the significance of this inhibiting effect,
the important index is the time (tps) for 99% DRX which is considered to
be coincident with the beginning of the steady state regime (97, 266). The
T and € dependence of G, is determined from sinh and Arrenhius plots (Figs.
293,k and 30a,b). The value of QDRX derived is 296 kJ/mol which is less
than an as discussed in Sec. 2.4.1. Elfmark (251, 252) introduced a
temperature-compensated  time Woex Which draws the data for all conditions

RX
into a single line. The ductility is related to this W in Fig. 44b.

DRX
Although the fundamental fracture criterion is tied to the propagation of
fissures, the final time to failure is dependent only on parameters derived
from the flow curves without microstructural measurement.
5.5.5 EFFECTS OF MULTISTAGE DEFORMATION

Ductility can be greatly improved by intervals of short time between
stages of deformation (7, 22, 34, 86, 101, 106, 180, 193, 226, 229, 230,

(Secs. 274, 4.54)., SRV and particulary SRX help the action of the
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dynamic mechanisms in impeding nucleation and growth of cracks. For optimum
results, the strain in each pass should be small enough to limit the
fissuration but large enough to induce SRX (22, 86, 101, 229, 230). The
critical stran for SRX is considerably lower than that required for the
initiation of DRX (22, 84, 86, 143, 200). In as-cast alloys, the intervals
also allow for improved homogenization by solution of & particles which
reduces  their  deleterious effects already  described. Figure 45 clearly
illustrates the increase in ductility for both 304C and 304W due to pauses
of short interval time. Whereas, the ductility is less for the as-cast
because of the presence of & particles than the worked, multistage
deformation extends the ductility 50 percent (180) in both cases.

The results in Fig. 46 largely show that in comparison to similar
continuous tests, ductility is higher in isothermal multistage tests (12,
106, 180, 229, 230, 233). While each test has repeatcd equal passes
separated by equal intervals, ductility enhancement is also attained when
these parameters are varied. For 304W, the hot ductility rises with
augmented intervals at low T, whereas at high T it declines at longer
times, because of grain growth and the recapture of boundaries by fissures.
The improvement is large where the continuous ductility is low and small
where it is high, because the static mechanisms do mnot contribute much
additional  change to the  microstructure  developed  dynamically. The
effectiveness of pauses diminishes as the pass strain increases because the
cracks have a prolonged opportunity to propagate in each pass since the SRX
during the interval does not prevent their nucleation but can only blunt
and not heal those already formed (22, 106, 229, 230). Improvements in
ductility from multistage tests vary greatly with the alloying additions,
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since different solutes and precipitates may cause different degrees of
fissuration and of retardation of static restoration (34, 86, 101,

225-241).

5.6 MICROSTRUCTURE
5.6.1 DRX GRAIN STRUCTURE

The initial microstructure of 304W which consisted of equiaxed grains
with annealing twins are replaced with equiaxed, substructure-containing
DRX grains (Secs. 2.3.2, 2.3.4). The DRX grains at 900°C, 5 s' which are
only 12 um, nucleate as a result of bulging of, or high misorientation
cells occurring, at the grain boundarics, forming in successive layers
until the old grains arc consumed (34, 84, 86, 89, 90, 101, 117).
Concurrent defoimation has two complimentary effects: i) the new grains are
inhibited from growing by the formation of substructure within them, and
ii) high an~le deformation bands in the old grains near the interface with
the new ones lead to a second round of nucleation. The latter effect is
more pronounced at high Z.
5.6.2 GRAIN SIZE DEPENDENCE ON ¢ AND Z

The microstructures observed in the worked alloys at the beginning of
steady state consisted of equiaxed DRX grains (Figs. 56a,b, 57a-d, 58a-d,
59a-c) which are quite different from the elongated original grains, if
only DRV had occurred (84, 86, 168). These grains are confirmed to be the
result of DRX because a substructure is present (31, 84, 86, 87, 89, 90,
99, 132, 136, 168). All alloys are dynamically recrysiallized, having
undergone more than one wave of DRX in the steady state regime (97-101,
133-137). At low T, the grain boundaries contain some carbide particles
which at high T have gone into solution (103, 104), thereby facilitating
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migration. While D is independent of D, and strain in the steady state
region, it is strongly dependent upon stress which is a function of T and ¢
(Secs. 234, 4.6.3). The flow stress as a function of Dl conforms to the
following equation:
g =47D°" (59)

where the power is within the range 0.7-08 found in the literature (31,
84, 86, 89, 90, 99,101, 131, 136).

The stress calculated from the crossover condition (D0 = D.) in Fig.
23 fall along the line for D in Fig. 63, thereby attesting to the validity
of the testing methods and metallography. The results also confirm the
relative grain size model (133, 136, 137) illustrated in Fig. 62. As the
stress  increases D' decreases with a power of -1.23, whereas DMRX declines
with -1.31 (Fig. 63). Due to the usual difficulties of quenching-in the DRX
microstructure (42, 43, 55, 168) some specimens experienced MRX. Thus, as
the flow stress decreased tenfold, D' increased by a factor of 17, whereas
DMRX increased by a factor of 21. Consequently, while the grain size
increased 70% from 7 (D') to 12 um (DMRX) at a high stress of 250 MPa, it
increased 90% from 129 pum to a value of 248 pm at a lower stress of 25 MPa.
In the dynamically recrystallized microstructures found in some 304W (Fig.
57b) and 317C, the DMRX values are in full agreement with those derived by
Ahlblom (168) who observed specimens with d&namic, metadynamic, and static
recrystallized microstructures.

The variation in DRX grain size with log Z for 301W, and 304W are
shown in Fig. 62 AIll data have been normalized at 900°C, 1 s' While
grain refinement of the original grain size (66 and 70um respectively)

occurs between 1100 to  900°C &) s"), grain  coarsening, consistent with
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cyclic DRX as indice*za by the o-€ curves in Fig. 4ab, occurs at 1200°C,
0.1 s'. Since the current measurements are mainly for 5 s', the data also
show that log D‘ declines linearly as (1/T) increases. This linear
logarithmic plot further indicates that D' is related to © by a negative
power (138, 168, 174, 195) (Fig. 63).

While rapid cooling after deformation should have prevented SRX in
these high solute alloys, some specimens had very large SRX grains. An
additional observable difference between the SRX and DRX grains is that the
former  contains annealing twins in  greater concentrations and  with
undeformed boundaries (132, 168) (Fig. 68c). The as-cast alloys, which
exhibit dendritic structures with segregated & phase, also contain equiaxed
Y grains between clongated & stringers after straining to fractre (Fig.
58bc). Both DRX and SRX grains are dependent upon the density of
nucleation which is a swong function of T and € While the SRX grains
arise from the same substructure, they grow larger since they are not
inhibited by concurent deformation inducing internal substructure (22, 86,
99, 101, 203) (Fig. 632,b).

5.6.3 DRV SUBSTRUCTURES

As shown from Fig. S5a-h, rapid work hardening takes place during hot
deformation up to a strain which varies between 0.08 and 0.15, beyond which
the formation of the cellular substructure is established by a medium level
of DRV (124-126) (Secs. 2.3.1, 4.6.4, 46.5). As the strain increases, the
number of subgrains per unit volume also increases up to the steady state
condition where a stable equiaxed polygonized substructure is maintained
(2, 4, 20, 75, 82-84, 86, 88, 90, 95). As the new grains grow, eliminating

the existing substucture, new tangles and subboundaries form in them
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reestablishing the  polygonized  substructure  which  ultimately leads to
another round of nucleation.  Subgrains are formed with boundaries of well
defined arrays of dislocations at T > 600°C (82, 83), while the formation
of cells with boundaries of diffuse dislocations takes place at T < 600°C
(146) (Fig. S6ab). From Figs. 53 and 56ab, it can be seen that the DRX
grains are larger than the DRV subgrains by an order of magnitude (168) and
vary more slowly with stress.

Recent TEM observations (Figs. 65-68) have shown that subgrains first
form along grain boundaries indicating a higher density and stress level
there. The subgrains are then observed to spread inwards as polygonization
takes place close to the center of the grains (84, 86, 89, 90, 99, 119,
126, 136, 168). It has also been noted that GB bands form, that is regions
of higher misorientation near the boundary. These are likely the source of
the dynamic nuclei that form first along the boundary (86, 90, 99).

While the presence of a substructure confirms that the almost equiaxed
grains result from DRX (84, 86, 89, 99, 132, 136), the observation of
similar polygonized substructures in both the as-cast and worked alloys as
before the peak wverifies the existence of DRV concurrent with DRX. Such
substructures existing in the DRX grains explain the reason why the Ilatter
undergoes SRX when held at high T after hot working (22, 34, 84, 86, 89,
90, 203) (Fig. 65c). As T rises and &€ declines, the subgrains change from
clongated to equiaxed, becoming larger and more polygonized (Figs. 65a-c,
66a,b, 67a,b, 68a-d, 69a-d). Consequently, they contain fewer dislocations
within them with neater arrays in the walls.

5.6.4 SUBGRAIN SIZE DEPENDENCE ON o AND Z
As seen in Fig. 70ab, the size of cells and subgrains is a strong
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function of steady state flow stress (Secs. 2.3.1, 2.3.6, 4.6.5). As T
increases, the subgrains become more equiaxed with reduced dislocation
density. An extensive compilation of data from the literature (87, 140,
145-148, 260, 272-278) confirms that subgrain diameter is related to the
flow stress by the following equation for 304W and 316W respectively:

d =269 o' (60)

d =501 o (61)
The cell diameter below 600°C for the former is related by the equation
which follows:

d =115x 106> (62
The subgrain diameters of the present work are in good agreement with those
found in the literature and confirm the equation developed by Raj and Pharr
(286) through an extensive analysis of creep data.

In comparison with subgrain diameters reported presently and in other
work on 304W (87, 140, 157, 260, 272), the present 317C values are slightly
smaller but have thc same dependence on Z. From Fig. 69a, it is seen that
for a given subgrain diameter the flow stress for 317C is greater than that
for 304W. Thus, it appears that the strengthening arises in part from the
direct action of the solutes and precipitates and in part through the fact
that they alter thc substructure to be smaller at a given deformation
condition. Thus, at 900°C, 1 s", the subgrain diameters of 317C and 304W
(Fig. 69b) are 1.1lpm and 1.21pm, which gives strengths of 275 and 195 MPa,
respectively. These subgrain diameters are about one magnitude smaller than
the corresponding DRX grains of 16 and 13um. Nuclei may arise directly from
the subgrains at high € or from interactions between subgrains and existing

boundaries at low & (84, 86, 87, 99, 117, 132). When 317W is compared with
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317C (Fig. 69b), the subgrains for the latter are smaller partly due to the
higher strain energies resulting from 23% & ferrite in comparison with 5%
retained in the worked. Due to the inhibiting effects of Mo, especially at
high Z (900°C, 1 s), the subgrain size for 317W at 1.39um is smaller than
a subgrain size of 1.51um for 304W (Figs. 69b, 70a).
5.7 PRODUCT QUALITY
5.7.1 PRODUCT MICROSTRUCTURES

In the previous section a variety of microstructural features were
described as those evolving during either the deformation alone or
multistage processing. They have been analyzed in association with the
mechanical measurements in order to clarify the mechanisms which are able
to explain the flow curve shape, the net strain hardening rate, the
constitutive equations and constants, the ductility and static restoration.
However, it is possible to regard these microstructures as those of the
product at room temperature. If the nmaterial is cooled rapidly after
deformation, the DRX substructure 1is retained to strengthen the product
(22, 86, 90, 95, 149-152) as discussed in the next section. The grains
would be elongated if before the peak or refined and equiaxed after the
peak to improve the mechanical properties. If the cooling is slow, the
recrystallized grains are more refined if the previous pass had higher € or
£ or lower T (22, 24, 34, 36, 86, 99, 203).
5.7.2 PRODUCT STRENGTH

The hardness values of 304C, 316C, and 317C have been measured after
hot torsion (Fig. 71) (Secs. 237, 4.6.6) In these alloys which have
undergone panial DRX due to early fracture but no SRX, the hardness rises

with Z as a result of the increasingly finer subgrain diameters (22, 152,
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203). The hardness is highest for the 317C because of its high solute and
strengthening by 23% & ferrite. The 304C follows because of 31% volume
fraction of & particles. The 316C is lowest because it has only 20% §. The
hardness of these alloys in the preheated condition is higher than after
hot working as a result or izdistribution and dissolution of the § phase
(102-104). It is only after deformation conditions of 990, 1000, and 950°C
at 1 s for 317C, 304C and 316C that the hardness becomes superior to the
as-cast hardness. Furthermore, it is only after such deformation that the
alloys properties depend on subgrain strengthening across the entire range
(Fig. 71) (132, 149, 150, 152). This is evidence of the ecvolution of
microstructure  during straining which has a profound effect on hot flow
stress, ductility and room temperature strength (22, 34, 86, 149, 152).
Analysis reveals that such hardness is inversely proportional to the
subgrain size as has becn found through other work (22, 34, 84, 86, 88, 89,
150).

5.8 SIMULATION OF B&R MILL
5.8.1 FLOW CURVE BEHAVIOR

Since the deformation behavior of the alloys was similar in many ways,
the simulation of 301W (Sec. 4.7.1) is described here in detail with
differences for 304* and 316W noted. The flow curves rise as T declines
(Figs. 72, 76), but only partially as a result of the dependence of ¢ on T.
A considerable contribuiion arises from the carryover of strained material
(Secs. 443, 4.7.1) from one pass to the next as can be seen from the
decline in FS presenied in Fig. 77, where the more important scale is that
of xsnx (Secs. 2.6.4, 2.6.7). When SRX falls below 20% (= 80% FS), the more

marked hardening is noticeable in the increase in slope of the envelope
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joining the maxima (25-28) in Fig. 72 which is illustrated in Fig 76. While
304W exhibits similar behavior, it occurs carlier for 316W at 1100°C where
carbides have started to precipitate, thereby significantly raising the
mean flow stress (25, 26). The inherent influence of T and € on the
deformation mechanism can be seen in the increase in the distance between
the oyo and G curves (Fig. 76) which is related to the strain hardening
rate O (= do/de) (Sec. 2.2.4). During isothermal continuous deformations, ©
mounts in a regular manner as T falls and € rises. The influence of € on ©
can be seen in Figs. 72 and 76 by much higher pass flow curves and o
envelope curves respectively. Moreover, the tests at rising € (CC)
gradually rise from the set at 0.1 s' (AA) to that at DD or BB (Figs. 72,
76). Figures 73 and 74 also clearly show this effect. Due to the carbide
and solute retarding effects on softening during the pass interval (10, 12,
22, 24, 25, 26, 30, 34, 36, 89, 101, 201-203, 215), the flow stresses at
the termination of rolling are 238, 204, and 238 MPa, for 301W, 304W, and
317W respectively. Whereas, the flow stress of 301W is higher than 304W due
to a greater volume of carbides, 317W is higher because of the multiple
effects of carbides, solute, and & ferrite (25, 26). Furthermore, these
flow stresses decrease as the interval duration increases (Figs. 72, 76)
(19, 21, 22, 24-26, 30).
5.8.2 ACTIVATION ENERGIES

The combined effect of Z-dependence (84, 86, 89, 90, 101) and
carryover of worked material (10, 12, 21, 22, 25, 26, 36, 199) can be
examined through the constitutive relationship. In the sinh analysis of
301W (Fig. 73), the slope is 3.9 in comparison with 4.4 for the continuous
curves ecvaluated at the higher peak strain, ranging from 04 to 1.0 (Fig
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12a). Multistage isothermal tests give a stll different result n = 43
(Fig. 36a) (Secs. 4.4.3, 54.3). The T dependence analysis in Fig. 74 shows
that there are two separate values of va : a) isothermal multistage, 307
and; b) declining T, 352 kJ/mol. These values are both less than 399 kJ/mol
for continuous isothermal tests (Fig. 13a). Whereas, the behavior for 304
is similar for all T, 316W experiences a sudden change in slope at about
1100°C due to strengthening by carbides (22, 24-27). Consequently, 316W has
a Q. (declining) of 384 changing abruptly to 402 kJ/mol at lower T. While
its QHW (continuous isothermal) is 454, a mean QHW value of 393 kJ/mol is
determined. It is noted that none of these QHW ar¢ detcrmined under
constant  structure conditions since Dsnx and the fraction recrystallized
change after each pass (Figs. 61, 77).
5.8.5 ACCUMULATED STRAIN

The retained strain eyi (Secs. 2.6.6, 4.7.1) (Fig. 78) at the start of
a pass is estimated from the average slope of the pass flow curve relative
to the flow curve for recrystallized material at that temperature. It is a
strain term corresponding to the increased strength (oyi - o’yi) but it is
not dependent on just the reloading stress but the shape of the flow curve.
As expected it can be considered as the opposite of FS. Comparison with
Fig. 77 shows that €, rises more uniformly with the pass number especially
in the last 4 passes where FSi is falling The order of these test
conditions in Fig. 78 are inverted from those in Fig. 77. The low & data
(A) are the highest followed by the rising € curve (C); the high € curves B
and D are much lower.

When compared to the accumulated strain, which equals 0.2(i-1), ey) is

only in the range 0.10-0.15(»:i after 6 passes (0.1 s', 20 s). Even after 16
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passes where the accumulated strain is 3.2, €16 is only 0.1. The
isothermal results (Fig. 36a) show that, even in the continuous test, the
strain energy accumulates only to the peak at 0.6-0.8 and then drops to
become constant in the steady state regime. In the case of isothermal
multistage  (900°C, 1 s'l, 20 s), €, increases up to the third pass and
then becomes constant at 0.1. Due to carbides and high solute 316W followed
by 301W have much greater retained strain than 304W.
5.8.4 STATIC SOFTENING

Static softening between stages (Sec. 2.6.7) is apparent in the saw
toothed appearance of the flow curves in Fig. 72. As the interval is
lengthened, the set of flow curves decrease (Fig. 72) and the FS rises
markedly (Fig. 77). As shown in Fig 77, the level of FS decreases with
declining T but rises with increasing & The latter is seen in comparison
of 0.1 and 1 s’ and in the gradual shift of the rising & tests (CC). The
effecct of € arises from the increase in strain energy, ie., the driving
force for SRX. Augmentation of the strain energy by raising the pass strain
has a similar effect. Raising T decreases the density of dislocations and
hence reduces the driving force for SRX (22, 24, 30, 34, 86, 89, 199, 203);
however, it is evident that its contrasting effect of accelerating the
rearrangements  involved in nucleation and migration of grain  boundaries
predominates. The influence of strain energy is normalized by introducing

the term 2%%7

into the analysis of the T dependence in Fig. 80 and can be
compared with other work (106, 130, 168, 174, 180, 204, 213, 265-269) in
Fig. 35 (Sec. 2.5.4). However, SRX up to 100% is found only in the first
few passes at very high T and has fallen below 50% by the fourth pass

(1130°C) for t = 20 s and the seventh pass (1070°C) for 40 s at 1 s'. For
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the short interval, SRX is less than 5% after the eleventh pass at T below
1000°C; however, softening by recovery is of the order of 40%. For 316W SRX
is about 2% for the same conditions.

Since the degree of SRX is so low for many of the conditions, the
progress of SRX can only be estimated by assuming the kinetics of SRX are
the same after the first few passes as after isothermal testing. This s
done by determining the Avrami constants Bsnx and ksnx where possible and
applying them to other conditions to calculate t,s from the data for ecach
condition. The plot in Fig. 80 can thus be derived with some scatter of the
points so that there is only one line for all the declining T data. The
Qsax (declining) is only 290 kJ/mol compared to 369 kJ/mol from isothermal
interrupted tests (25, 26) (Fig. 35). In the latter the level of strain
energy is limited to that from a single pass (0.2) on recrystallized
material. The values for 316W are considerably higher at 364 and 418 kJ/mol
due to greater solute which slows SRX kinetics. During deformation,
considerable strain energy has accumulated as confirmed by both Figs. 77,
78. The effect of strain energy induced in the immediate pass s
illustrated by decrease in ts as Z rses (Fig. 80) and increase in rate as
€ rises (Fig. 81). The latter effect is quite small as previously observed.
The ts presented in Fig. 79 provides a clearer picture of the effect of
interval temperature. The sharp rise at low T about 930°C for 1 s’
indicates the potential for preserving the hot worked substructure for room
temperature  strengthening (22, 34, 87, 89, 101, 132, 168, 203). These
results are confirmed by the analyses of 304W and 316 W results. The flow

curves for all alloys exhibit the same characteristic shape for deformation

under declining T conditions. The low T behavior for 301W and 316W were
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similar due to the swengthening effect of carbides resuling from high C
in the former and Mo in the latter. Consequently, the softening kinetics of
304 were superior to the other two.
5.8.5 MICROSTRUCTURAL EVOLUTION

Although the grain stucture was not studied after each pass, it can
be inferred on . the basis of other work that slight grain coarsening
occurred after the first or second pass (25, 26). After later passes, the
SRX is expected to give grains much finer than the original (22, 25, 26)
and this is indeed what was observed by metallography for 304W, 316W, and
317W  where the original grain sizes of 70, 60, and S57um were finally
refined to 10, 9, and 8um respecdvely (Fig. 61).
5.9 PLANETARY ROLLING MILL SIMULATION
5.9.1 ROLL SEPARATING FORCE

From observation of the roll separating force distribution (Fig. 84),
it can be seen that the force slowly increases through the common point of
mean strain rate, mean flow stress, and mean reduction to a peak and then
drops rapidly to zero (39, 280). The lower force than that used in
conventional rolling is related to the small radius and hence contact arc
of the planetary rolls. However, the force is raised because many small
rolls are in contact simultaneously. The effect of roll flattening s
negligible since it only increases the effective roll radius one percent.
Furthermore, since complete reduction takes place in 2.54 seconds with the
passage of approximately 80 planetary work rolls (279, 280), only 94
percent of the heat due to the work of deformation is dissipated with the
material having a slightly higher surface T at exit than that which it had

upon entry (282, 283). The temperature is consistent with that measured in
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a similar mill at the Nippon Yakin Kogyo Company in Japan (283).
5.9.2 INSTANTANEOUS POWER REQUIREMENT

Acrording to Figure 85, the analysis for 301W (Sec. 4.7.2) predicts a
power requirement which is lower than that measured industrially. This is
due to the lower T used at Nippon Yakin Kogyo (283). The two industrially
measured values for 304W (282, 283) differ because the surface temperature
is quoted. When the mean true T is determined, the T used by the Japanese
is higher than that used here by Atlas (282); therefore, this results in a
lower power requirement. The 316W alloy exhibits similar  behavior.
Consequently, the current analysis  slightly understimates the power
requirements for all alloys (35, 281). In addition, the measured results
from both companies lie on parallel lines indicating consistency of the
behavior of the similar mills and deviate only slightly from the slope of
the experimentally determined lines. Evidently, both roll separating force
and instantaneous power requirement are functions of metallic solute.
5.9.3 METALLIC SOLUTE DEPENDENCE

It is interesting to note that while the activation energies for these
alloys increase 2, 16, and 26 percent over the 393 kJ/mol for 304W, the
instantaneous power requirements are 2 percent lower for 301W and 10 and 18
percent greater for 316W and 317W respectively compared with 304W. In the
case of 301W in which the carbon content is significantly greater than
304W, most carbides are in solution at the rolling temperature, thereby
lowering the effective flow stress. This is contrary to the condition for
cross country rolling where the greater volume of carbides at 900°C
significantly raises the flow stress. With respect to 316W and 317W, the
activation energy is calculated from conditions existing in the 900-1200°C
temperature range, while power requirements are determined at 1307°C  where

the metallic solute content is much less effective than at 900°C.



CHAPTER 6
CONCLUSIONS

Hot torsion tests in the range 900-1200°C, 0.1-5 s' were carried out
on 301, 304, 316, and' 317 steels in the as-cast and worked homogenized
conditions.  The schedules  employed  included  isothermal  continuous,
isothermal  multistage, and declining temperature multistage. All  alloys
were examined through flow curve characteristics, constitutive equations,
and optical and electron microscopy. From the resuits and comparisons with

previous research and theories, the following conclusions were reached.

1. While the flow curves for the as-cast alloys rise to a peak and
decline and fracture shortly thereafter, those for the worked have full
dynamicaily recrystallized characteristics where after the peak, the flow
stress declines to a steady state regime in which fracture intervenes at
some high fracture strain.

2. The peak stress declines with rising temperature, decreasing strain
rate, and declining solute. Likewise, the peak strain is lowered by
decreasing Z, original grain diameter, and solute. The segregated & in the
as-cast alloys raises the peak stress, but reduces the peak strain in
reference to the worked material.

3.  Due to dynamic recovery, the strain hardening rate 0 falls rapidly as
the flow stress and strain increase; the rate of decline increasing as
temperature is raised or stain rate reduced. ©-G curves accurately
identify the formaton of subgrains and the dynamic recovery saturation

Stress.
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4. The critical strain for the initiation of dynamic recrystallization
can be derived from ©-0 curves. The critical time for the initiation of
dynamic recrystallization rises with decreasing temperature with the mean
of the crtical strain for dynamic recrystallization to peak strain ratio
constant at about 070 and 0.64 for as-cast and worked alloys,
respectively. As T decreases, the. upper limiting condition beyond which no
dynamic recrystallization can occur is established at 800°C, 1 5.

5. The logarithm of the saturation stress increases linearly with log
strain rate and with declining temperature to attain the saturation stress
at zero Kelvin which increases as solute rises (stacking fault energy
decreases). As a result the enthalpy increases as Z declines and agrees at
high temperature with the activation energy for deformation determined by
Arrhenius analysis.

6. The yield stress becomes athermal as the temperature drops below
about 850°C, whereas the peak and steady state flow stress continue to rise
rapidly due to marked strain hardening. Furthermore, this athermal region
starts at a higher temperature for the as-cast alloys than the worked
because there is a higher degree of work hardening in the former. While the
difference between the yield and steady state stresses becomes very low at
high temperature, it is greater for the as-cast because of additional
hardening around & particles.

7. The experimental data across the entire range for all alloys are
fined by the hyperbolic sine function with a constant @, with the stress
exponent slightly decreasing as the solute or volume fraction of carbides
increases. As a result of an extensive analysis of seventy austenitic

stainless steels, the mean value of the stress exponent is about 4.3.
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8. In the Arrhenius function the derived activation energies were about
10% higher for the as-cast alloys than for the worked, except 316C.
Generally, the activation energy for deformation increases with rise in
solute content and & phase. The present values are in good agreement with
thé respective means derived from 70 studies of the four alloys. The total
data show that the activation energy for deformation has a value consistant
with 13.5 kJ/mole for each percent of metallic solute. When correction is
made for deformational heating, the activation energy for deformation
increases approximately 22% which is recommended for calculation of forces
in forming processes. The use of Z to extrapolate or interpolate values of
stress was confirmed to be satisfactory.

9. With the relationship of constitutive constants to solute content and
grade firmly established, it is possible to compute the flow stress of any
austenitic  stainless steel from the composition and grain diameter. Such
information is needed for calculation of roll separating forces

10. The start and finish of dynamic recrystallization is suitably
represented by the Avrami equation with the time expoment 1.3 in close
agreement with published microscopic results. From this, it is possible to
define the progress of dynamic recrystallization along the flow curve.

11. The dynamic and metadynamic recrystallized grain diameters are
related to the steady state flow stress by the -0.75 power. Subgrain
diameters are related to the steady state flow stress by a power of -l
Both the steady state grain and subgrain diameters are monotonically
dependent on Z.

12. For static recrystallization, the Avrami time exponent is about 1.3
for 304W, declining to about 1.1 as solute rises. The activation energy
values for  static  recrystallization for all alloys are in favorable

agreement with those found in the literature.
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13. The casurement of fractional softening by comparison of flow
stresses before and after an unloaded interval revealed that the rates of
static  recrystallization  after hot deformation decrease with decline in
pass strain, strain rate, and temperature and with rise in solute and
precipitate levels.

14. Whereas the ductilities of 301W and 304W increase with rising
temperature and strain rate, 316W and 317W as well as the as-cast alloys
rise with increasing temperature and declining strain rate. Moreover, the
as-cast alloys have considerablely lower ductility due to segregated &
phase.

15. Intergranular fissures form randomly in the homogenous austenite.
Although impeded by dynamic recrystallization, they increase in number and
sizz and gradually link up, propagating faster as they orient near the
plane of maximum shear stress. In the as-cast alloys, & ferrite generates
interphase cracking which tends to eliminate any benefits from enhanced
nucleation of dynamic recrystallization.

16. In comparison to a continuous test at a given condition, the
ductility in multistage  isothermal tests increases if the static
restoration between stages cooperates with the dynamic mechanisms in
slowing fissure growth.

17. In anisothermal multistage tests, the flow stress in each succeeding
pass increases due to Dboth declining temperature and accumulated strain.
While the volume fraction recrystallized is about 100% at 1200°C, it
reduces to about 5% at 900°C. Moreover, the finishing grain diameter is

reduced from about 70 to 10um.
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18. The mill power requirements for all alloys determined through torsion
simulation are in good agreement with those measured on two planetary
mills. These values increase 10 and 18% for 316 and 317 over 304, while
that for 301 decreases 2%. In contrast to conventional rolling, these
values would increase about twice as much in a finishing pass at 900°C
where alloy hardening becomes significant.

19. This research project provides the data needed for modelling of
industrial hot forming processes. The stress constitutive equations are
useful for determination of forces. The conditions for grain refinement
resulting from dynamic recrystallization can be estimated. Knowledge of the
dependence of fracture strain on temperature and strain rate  permit
calculation of forming limits. The rate of static recrystallization and the
resulting  grain  diameters provides the ability to model multistage
processes. Mathematical modelling can be confirmed by physical modelling on

the torsion machine.
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