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Abstract 

The hot working behavior of 301, 304, 316 and 
317 steels in isothermal torsion tests were fitted to 
hyperbolic sine and Arrhenius equations. The stress 
exponent (~4.5) is independent of composition. The 
peak stresses and the associated activation energies rise 
in a regular manner with total solute content for the 
homogenized hot-rolled alloys. The correlation of these 
properties with the quantity of Mo in solution is much 
inferior, although Mo is a more potent strengthener than 
Cr. For the continuously cast alloys, the constants were 
strongly affected by the presence of segregated ferrite 
which caused considerable strengthening and raised the 
activation energies. 

Introduction 

For the nominally single phase austenitic stainless 
steels 301, 304, 316 and 317, the total metallic solute 
content rises in the order listed: 26.90, 29.02, 33.67 and 
37.87 weight %. For worked homogenized material in 
the range 900 to 1200 'C, the strain hardening rate (Θ = 
da/de), the peak strength σ ρ and the steady state strength 
σ5 increase in the order listed /1-18/. The decrease in θ 
and the level of the flow curves with rise in temperature 
(T, °C), or fall in strain rate (έ, s*1) is the result princi-
pally of dynamic recovery (DRV); the subgrains as 
observed in thin foils by TEM become larger and more 
regular /2,6-12,14-16/. The flow curves exhibit the 
characteristic work softening due to dynamic recrystal-
lization (DRX) as confirmed by microscopy /l,6-12,14-
16,19-24/. The activation energies Q, associated with 
sinh-Arrhenius constitutive equations for various charac-
teristic points, also augment with the alloying addition 
/8,9,14,15,17,18/. 

The question to be explored is whether or not the 
strengthening can be ascribed to the rise in total solute 
content. Alternatively, the effects may be dependent 
principally on the changes in Mo levels, since it is 
thought to be much more potent than Ni or even Cr. 
However, the Mo additions, which increase resistance to 
pitting corrosion, are accompanied by adjustments to Ni 
and Cr content to maintain the steels austenitic. There 

is microstructural evidence that some of these steels 
depart slightly from simple solid solutions; this will be 
discussed in contrast with the as-cast alloys which are 
more strongly segregated with regards to δ ferrite. Com-
parison will also be made with stainless steels having 
compositions differing from the present. Finally, the 
effects of the elements will be compared with those 
found in more dilute alloys with controlled variations in 
composition. 

Experimental Techniques and Results 

The four grades of steel in the worked-homogenized 
condition (compositions in Table 1, postscript W) were 
subjected to torsion testing in range 900 to 1200 *C and 
0.1 to 5 s 1 as previously described /3,4,6,8-10,12,15/. 
Through the standard method of compensating for strain 
and strain rate gradients, the torque and twists were con-
verted to equivalent stress σ and strain ε by the von 
Mises criterion. In all cases, the flow curves undergo 
strain hardening to a peak (σ ρ , ε ρ ) , followed by flow 
softening to a steady state regime (σ5 for ε > ε5), thus 
exhibiting a shape characteristic of DRX /I-18/. From 
analysis of θ and the microstructure, it was shown that 
DRX commenced at a critical point (σ0 = 0.97 σ ρ and Cc 
= 0.65 ε ρ ) giving rise to the softening and to new 
equiaxed grains of constant size Ds throughout the steady 
state /6-12,14-16/. Previously, testing had been carried 
out on as-cast steels, (designated 304C, 316C, 317C) 
which contained 30, 20 and 23% δ ferrite, respectively; 
these showed more rapid work hardening, greater strength 
and lower ε ρ than the worked-homogenized ones 
/3,4,6,8,10-12,15/. 

The peak stresses were subjected to constitutive 
analysis according to the formula /1,4-18/: 

A(sinh α σ ρ ) η = ε exp (QHW/RT) = Ζ (1) 

where α (= 0.012 MPa 1 ) , R (8.31 J/mol Κ), A, η and 
QHW ARE constants and Ζ is the Zener-Hollomon para-
meter. The suitability of this equation was confirmed in 
graphs of log έ versus log (sinh ασ) which gives con-
stant Τ lines with slope η and in graphs of log (sinh ασ) 
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Fig. 1: The peak stress (a,b) and steady state stress (c,d) are plotted against the total metallic solute (MS) 

(a,c) and against wt% Mo (b,d). 

versus (1/Γ) which gives constant έ lines with slope 

(Qhw/2-3 nR). The values of Q h w and η so derived are 

listed in Table 1 for the four alloys /4-18/. In the pre-

viously published graphs, data from the literature were 

included which confirmed the magnitudes of the stresses 

and the values of the constants with variations explain-

able from the composition or grain size differences 

/8,9,14-18/. In addition, results for 4 steels of type 301, 

30 of type 304, 20 of type 316 and 5 of type 317 were 

compiled and average values of η and Q h w were calcu-

lated in Table 1 /8,15,17/. These differ slightly from the 

experimental values because of composition as indicated 

in Table 1. The as-cast alloys were also subjected to the 

constitutive analysis and their constants are found to dif-

fer considerably because of the δ ferrite /4,8,12,15,17/. 

The dependencies of strength on total solute content 

and on Mo content are shown in Figs. 1 and 2. The 

graph for σ ρ shows a large increase at 900 °C and small 

increase at 1200 'C. The absolute variation with ε 

decreases from 900 to 1200 'C. The values of σ 0 vary 

in a similar manner since they are proportional to those 

of σ ρ with constants in the 0.6-0.7 range. The values of 

o s (Fig. lc, d) show less variation with concentration at 

every Τ and less variation with ε; this arises because the 

work softening is usually greater for higher σ ρ due to 

the greater reduction in dislocation density by DRX 
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Fig. 2: The peak stress is plotted against log (% MS) in (a) and log (% Mo) in (b). 

Table 1 

Compositions, Strengthening Coefficients 1291, Calculated and Experimental Peak Stresses 

301 304 316 317 
wt % 900°C wt % 1000°C wt % 1100°C wt % 1200°C 

coef. Δ coef. Δ coef. Δ coef. Δ 
Cr 17.12 2.6 44.5 18.28 2.1 38.4 16.40 1.6 26.2 18.60 1.1 20.5 
Ni 7.92 0.0 0 8.27 -0.1 -0.8 12.05 -0.2 -2.4 13.88 -0.3 -4.2 
Mo 0.20 15.5 3.1 0.28 13.0 3.6 173 10.5 28.7 3.22 7.9 25.4 
Mn 1.12 6.6 7.4 1.72 5.3 9.1 1.87 4.0 7.5 1.73 2.8 4.8 
Si 0.54 13.3 7.2 0.47 8.3 3.9 0.62 Z4 1.5 0.44 -3.6 -1.6 
C 0.11 -9.2 •1.0 0.062 -9.4 -0.6 0.010 -9.6 -0.1 0.035 -9.8 -0.4 
Ι Δ 1612 1536 1605 1445 
TEMP 900 1000 1100 1200 900 1000 1100 1200 900 1000 1100 1200 900 1000 1100 1200 
ΣΔ 1612 1471 1326 1181 1688 1536 1378 1223 1949 1828 160! 1380 215 1922 1680 1445 
Fact. 0.95 096 097 097 1.0 1.0 1.0 1.0 1.15 1.15 1.17 1.13 1.27 1.25 1.22 1.18 
Pred. 167 121 83 61 174 127 86 63 201 150 100 71 223 158 105 74 
Expt. 187 127 85 57 1?4 127 86 63 222 149 98 63 234 161 107 70 

coef: strength increase MPa per 1 wt% applicable to all alloys at Τ indicated 
ED: 10 χ [sum of strength increments Δ]; Δ = (coef. χ wt%) for alloy and Τ indicated 
Fact: Strengthening factor = [ΣΔ alloy]/[IA 304] for each temperature 
Pred: Predicted peak stress = (Fact, χ 304 σ ρ Expt.) for each temperature 
Expt: Experimental peak stress σ ρ , MPa"1 
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Fig. 3: The peak strain (a) and strain for the start of steady state (b) are plotted against total metallic solute. 

/9,15,18/. Log-log plots of the above values smooth 
the data giving a better fit to straight lines (Fig. 2a). 
The plots of σ ρ and σ 5 versus Mo content give lines 
with short inflections at each end since 301 and 304 are 
close to 0% Mo whereas 316 and 317 are close to 3% 
Mo (Fig. lb, d). The range of variations with composi-
tion or with ε remains the same. In the log-log plots, 
the lines from 301/304 to 316/317 appear to be close 
fits because the ends are further apart (Fig. 2b). 

Plots of ε ρ and e s are given in Fig. 3 to illustrate 
that for each steel σ ρ and ε ρ rise together. For 317, ε ρ 

is anomalous in that it is less than that for 316, however 
this is much muted in a log-log plot. On the other hand 
the steady state strain is markedly higher for 301 than for 
304 and for 317 than for 316; these changes are still 

noticeable on the log-log plots. In plots against Mo 
content, the above differences in ε ρ for 316 and 317 and 
in ε5 for 301 and 304 and for 316 and 317 appear even 
more abrupt because of the closeness of the Mo contents 
of 301 and 304 and of 316 and 317. These differences 
between stress and strain trends are indicative of contri-
butions from non-solute mechanisms which will be 
discussed later. 

Constitutive Constants 

The activation energies listed in Table 2 for the 
worked-homogenized steels /4,7-9,12-18/ are plotted in 
Fig. 4. Qhw for σ ρ is the highest of the directly calcu-
lated values; this relative position could have been esti-
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Table 2 

Properties and Constitutive Parameters 

A l l o y Mo MS δ ε /ε logA n n Q Q Q D d D d 
J c ρ HW DRX HW HWC DRX s s s s 

wt% vf% s kJ/mole μπι 

301W 0.20 26. 90 0 .66 14.8 4. 4 4. 1 399 454 306 50 4. 8 20 2.4 
Mean (3 ) 4. 3 378 [1200 C I s 

-1 1000°C] 
304C 0. 08 29. 51 31 . 71 14. 0 4. 5 

· * * 
407 472 

· · * · * 
* * * * * 

· * * 304W 0.28 29. 02 0 .61 14. 6 4. 6 4.3 393 479 291 46 4.5 21 2. 5 
Mean (40) 4. 3 410 
316C 2.76 34. 60 20 . 66 14.0 4. 5 * * * 402 486 

* · * 
* * 

· * * 
* * * * * 

316W 2. 73 33. 67 0 .64 16.4 4. 5 3.6 454 562 296 43 3.9 17 2. 1 
Mean (20) 4. 3 460 
317C 3. 22 37. 87 23 .72 17. 9 4. 0 

* * · 
508 593 * » * 

* · 
* * * * * * « * 

317W 3. 22 37. 87 5 . 65 17. 8 4. 5 3. 5 496 605 310 41 4.0 17 1.8 
Mean (5 ) 4. 3 503 

* No value due to fracture prior to the commencement of steady state. 

mated from the large spread in σ ρ values in Fig. la, b 

compared to the other stress points. Q C R X represents 

the variation in strength attained through work hardening 

at the point of nucleation; it is 5 to 20% lower than 

Q H W A S solute rises. Q D R X represents the variation in 

strength of the substructure distribution as left after 

DRX has swept through completely /7-9,15,18/. It is 

the lowest activation energy, 25 to 40% lower than 

QHW. because of softening being greater at higher Z. 

Elfmark /9,14,15,18/ uses this value of Q to predict frac-

ture since it represents the steady state strength which 

controls fissure formation. The last function included is 

Q H W C . i e. Q H W corrected for deformation heating, 

which is calculated by changing the temperature of each 

point on a plot of log (sinh ασ ) versus (1/T) caused by 

the work done being converted to heat and not dissipated 

/7,8,14,15,17,18/. Since heating is more at lower T, 

the line is tilted to higher slope. It is raised somewhat 

more for the strongest alloy. For all the above constants 

a straight line may be Fitted; however, it is clear that 

except for Q H W C . the values are higher for 301 than for 

304. The log-log plots simply smooth out the data rela-

tive to the lines. The values of n, 4.4 to 4.6, are rela-

tively independent of alloy content. The magnitude of A 

is seen to rise from alloy 304 to 316 and to 317 (Table 

2). The variations of η for critical points along the flow 

curve are generally greater than the changes with con-

junction. 

Discus s ion 

The dependence of the peak stress on total metallic 

solute could be considered as a classic case of approach 

to saturation with rising solute content (Fig. la), which 

diminishes with rising Τ or falling έ. The log-log plots 

(Fig. 2a) give straight lines especially at higher Τ where 

the slope is lower. At 1000 'C, the slope is 0.625 indi-

cating that 

σ = (constant) (wt % metallic solute)0·625 (2) 

which is in agreement with one theory of strain harden-

ing /26/ and is similar to the effect of Mg on Al at high 

temperatures /27/. There is a perturbation between 301 

and 304 at 900 'C which has been interpreted as the 

effect of carbide precipitation in the 301 which has 

almost double the C concentration of 304 and ten times 
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that of 316 /6-8/; however, the precipitation of carbides 
at 900 °C is not fully confirmed. Gittins and Tegart /28/ 
plotted the strength ratio of alloyed austenitic steels 
relative to C steels; the present group of steels were 
added conforming closely with the general trend. 

The data on solute strengthening by Zidek and 
Kubickova (Table 1) /29/ were employed to calculate the 
flow stresses for each steel and for each T. This was a 
considerable extrapolation, out to 14% Ni or 18% Cr, of 
relationships determined for 0 - 5 wt% of single ele-
ments added to iron /29/. The calculation, including Cr, 
Ni, Mo, Mn, Si and C, gave the factor of strengthening 
per weight percent of each over iron. These were then 
summed and added to unity to give the total 
strengthening. The peak flow stress at 1.0 s"1 for each 
steel was calculated using 304 as the point of normali-
zation. As seen in Table 1, the correspondence is very 
good with the exception of 301 where the prediction is 
everywhere lower, particularly so at 900 °C. However, 
for 316 and 317, the predictions are about 10% lower 
only at 900 'C, possibly indicating some contribution 
from precipitation. 

The plot of σ ρ versus Mo content (Fig. lb) does 
not show a saturation effect across 304, 316 and 317 
because there is a slight upward inflection between the 
316 and 317 as they are moved closer together than in 
the total metallic solute graph. The differences between 
301 and 304 are exaggerated and are clearly not the effect 
of Mo content. The log-log graphs (Fig. 2b) can be 
taken as linear yet still exhibiting the kinks at each end. 
However, from the analysis based on Zidek and 
Kubickova /29/, it can be seen that Mo causes 40 to 
50% of the strengthening with Cr providing a similar 
proportion. The influence of Mo is thus appended to an 
already large base contribution present in 301 and 304. 
In Fig. 2b, the influence of Mo from the analyses of 
Zidek and Kubickova /29/ and from Radu et al. /30,31/ 
confirm the trends of the present work. Elfmark /32/ has 
reported that the strength of steels with 316 base compo-
sition rise with increasing Mo but decline above 2.5% at 
1100 and 1200 °C; however, this cannot be noticed in 
the present work. 

Microscopic examination in conjunction with the 
peak strain values do cause one to question the simple 

interpretation above. For 317, ε ρ is considerably re-
duced compared to 316 due to the presence of about 5% δ 
ferrite which raises the local rate of strain hardening and 
speeds up DRX through particle enhanced nucleation 
/10-12/. Consistent with this analysis, 317 exhibits an 
es greater than does 316 as a result of solute and partic-
les hindering GB migration. The first effect has been 
well established in the as-cast alloys where the quantities 
of δ-ferrite are over 20% /3,4,6,10-12/. The δ ferrite is 
softer than the γ phase, yet because of slip incompa-
tibility causes the as-cast to be much stronger than the 
single phase 304 and 316. One might estimate that the 
5% δ in the 317 causes 5 to 10% strengthening so that 
one can attribute much of the effects observed to solute. 
In contrast for 304 and 316 in which the only alteration 
in solute level, both ε ρ and es are raised similarly. 

In Fig. 4, the activation energies are seen to in-
crease linearly with the total solute content from 304 to 
317. Type 301 is anomalous for all values because it is 
stronger than 304 at low Τ due to carbides but softer at 
high Τ because of lower solute content /5,6/. The 
straight line for QHWC ' s n o t entirely explicable. 
Elfmark /32/ published the following formulas for 
constitutive constants: 

Q = 288.8 - 28.6 C + 4.1 Cr + 3 Mo (kJ/mol) (3) 

η = 4.4 - 0.035 Cr - 0.4 C - 0.075 Mo (4) 

The calculated values of 356, 363, 364 and 374 
kJ/mol for 301, 304, 316 and 317, respectively, are 10 
to 25% lower than the present ones and have much lower 
dependence on the solute levels. The η values of 3.6 to 
3.5 are 20% lower than the present ones which appear 
independent of alloy content. The low η values help 
account for the lower Q values. Ryan and McQueen 
have collected constitutive constants for 80 steels of the 
present grades from which they estimated the following 
relationship /8,14,15,17,18/: 

QHW = 25 + 13.5 (wt% metallic solute) (5) 

which gave means of 378, 410, 460 and 503 kJ/mol for 
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301, 304, 316 and 317 steels, respectively. These 
values differ only slightly from the present values and 
have a similar dependence on solute content. The η 
value was found to be 4.3 for all the steels, being 
slightly smaller than the present values /8,15,17,18/. 
When the Q values are plotted against wt% Mo, 301 and 
304 are crowded together and the 316 and 317 are far 
across the graph fairly close together; the points for 304, 
316 and 317 do not lie in a line as they do in the total 
solute content graph. 

With regard to the mechanisms whereby the solute 
influences the hot strength, TEM observations give 
some information. The substructure becomes finer and 
less regular for a fixed condition as the solute rises 
/l,2,6-12,14,15/. Only part of this may be ascribed to 
stacking fault energy (SFE) reduction which is only 2-4 
mJ/m 2 on a base of 13 mj /m 2 for 304, considerably 
below pure iron /33,34/. Impurity atmospheres play a 
significant role since the strengthening factor for each 
element is roughly proportional to its atomic size diffe-
rence from that of Fe /24,28,29/. The solute also dimi-
nishes grain boundary (GB) mobility which increases the 
critical strain permitting more strain hardening up to the 
peak. However in 317, this effect is aborted by the pre-
sence of δ ferrite particles (stabilized by the high Mo 
content) which enhance nucleation while they augment 
the strain hardening /4,10-12/. The solute retardation of 
grain boundaries relative to that of dislocations is 
estimated to be less because σ ρ is raised much more than 
is σ 5 . 

C o n c l u s i o n s 

There is considerable increase in peak stress and the 
associated activation energy with rising alloying addi-
tions which mainly take the form of solute. The rise in 
stress or activation energy for other points along the 
flow curve, such as critical or steady state stresses, are in 
the same order but much less. The properties can be 
correlated quite well with the total metallic solute con-
tent although it is clear that the contribution of Mo, Cr 
and Mn are significant compared to that of Ni. Corre-
lation with the Mo content is not as good as that above. 
The changes in substructure appear to be in agreement 

High Temperature Materials and Processes 

with solute effects with the interactions being due more 
to elastic atmospheres than to decrease in SFE. The 
microstructures show that in 317 about 5% δ particles 
raises strain hardening but reduces the critical strain so 
that the strength still fits a solute hardening model. 
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