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Recovery in cold-worked alloy under pressure: 
example of AISI 316 stainless steel 
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In this paper, we report the behaviour of defects under high pressure in severely cold- 
deformed 316 stainless steel. In situ electrical resistivity measurements indicate a minimum 
in the reduced resistivity ratio at 2GPa associated with a characteristic relaxation time of 
500 4- 5 sec. Microhardness data on pressure-treated and recovered samples are consistent 
with the electrical resistivity behaviour. X-ray powder diffraction rings indicate sharpening 
beyond 2GPa. The decrease in the full width at half maximum (FWHM) of the strongest ring 
is about 2% at pressures beyond 2 GPa. Transmission electron microscopy reveals that samples 
pressure-treated beyond 2GPa have a polygonized dislocation structure. This is in sharp con- 
trast to the tangled dislocation structure observed in the cold-worked samples. The experi- 
mental results suggest a recovery stage in cold-worked stainless steel at 2 G Pa. We propose 
that the recovery process is activated through an enhanced vacancy concentration caused by 
deformation, a pressure-induced vacancy-dislocation interaction and consequently a pressure- 
assisted dislocation mobility leading to polygonization. 

1. I n t r o d u c t i o n  
Attention has recently been focused on the recovery 
stages under hydrostatic pressure in materials after 
irradiation, quenching and splat quenching from the 
liquid state. For  example, Kulcinski [1] observed that 
annealing neutron-irradiated molybdenum at high 
pressure causes the recovery to occur at lower tem- 
peratures. Specifically, he observed that at 2 GPa, the 
Stage III recovery (150~ is lowered to 90 ~ C, and 
that at 4 G P a  it is lowered to room temperature. 
Moreover, the temperature for complete lattice 
parameter recovery is lowered from 800~ at 
atmospheric pressure to room temperature at 7 GPa. 
Hydrostatic pressure measurements performed up to 
12GPa on the amorphous alloy Fe40Ni40P14B6 
revealed that the two prominent structural relaxation 
stages occurring at 240 and 350~ (at atmospheric 
pressure) were lowered to room temperature by 
application of  ~ 4 and --~ 6 GPa  pressure, respectively 
[2, 3]. Recent experiments on cold-deformed thorium 
and uranium indicate that they undergo pressure- 
induced recovery at 4.5 and 6 GPa, respectively [4, 5]. 
Here, electrical resistivity is found to be strongly time- 
dependent at pressures of 4.5 GPa  in thorium and 
6 GPa  in uranium. As the defect recovery is a kinetic 
process, the appropriate approach is to impart an 
isochronal-isobaric treatment to the sample and 
monitor a suitable time-dependent property such as 
electrical resistivity. This in situ measurement should 
preferably be supplemented by data on microhard- 
ness, X-ray diffraction, transmission electron micro- 
scopy, etc. on the pressure-treated and recovered 
samples. 

2. Resist iv i ty  as a tool  to  s tudy the  
recovery  process 

AISI 316 stainless steel has a number of constituent 
elements, and obtaining an exact expression for electri- 
cal resistivity for this alloy is a very difficult task. How- 
ever, for the purpose of  defect studies, following the 
practice in the literature, we adopt a qualitative analy- 
sis [6-8]. The electrical resistivity of a d-band, poly- 
crystalline, cold-worked alloy ~cs can be written as 

QCS = ~p -{- Qs d -~- Qi -~ ~V + ~I -1- ~3_ -1- ~g (1) 

Here Qp is the resistivity arising due to the conduction 
(sp-) e lec t ron-phonon scattering. Since the transition 
metal consists of partially filled d-bands, these act as 
traps for conduction electrons. This is the origin of 
s - d  scattering and results in a contribution Qs-d in 
Equation 1. Alloying elements such as cobalt, nickel, 
phosphorus and silicon will modify the resistivity 
[9, 10] and this is represented by Qi. ~v, Of, ~l and Og 
refer to the resistivity due to the vacancies, inter- 
stitials, dislocations and grain boundaries, respec- 
tively. In Table I, estimates of the contributions to 
resistivity by various mechanisms in stainless steel are 
listed. It is of  interest to note that the estimated values 
are in close agreement with the observed values at 
room temperature. If  the annealing of the sample is 
performed with minimum recrystallization, then the 
modified resistivity ~ can be written as 

Q = Qp "1- Qs-d -~ Qi + ~g (2) 

The difference Qcs - QAs = Ae (say) is a measure of  
the defect contribution, and the value for severely 
cold-worked stainless steel is estimated in Table I. 
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T A B L E  I Electrical resistivity contribution from different 
mechanisms* 

Mechanism Value (/tf~ cm) Estimated value Value (#~q cm) 
for metals (#Ocm) for 316 for CS used 
indicated stainless steel in present 
{6-I0] work 

0~ 2.3 (Fe) 2.0 2.0 
0s-e 4.6 (Fe) 4.0 4.0 
0~ (Cr) 6.3/at % 1.5/at % 26 

(Cr in Cu) (Cr in Fe) 
~o~ (Ni) 1.2/at % 2.5/at % 30 

(Ni in Cu) (Ni in Fe) 
#i (Mo) -- 1.5/at % 3.75 

(Mo in Fe) 
Oi (Mn) 2.9/at % 2.9/at % 3.9 

(Mn in Cu) (Mn in Fe) 
~ (Si) 3.95/at % 4/at % 2.72 

(Si in Cu) (C in Fe) 
o~ (C) 3/at % 3/at % 0. t5 

(C in Fe) (C in Fe) 
o, (P) 6.7/at % 7/at % 0.33 

(P in Cu) (P in Fe) 
t)~ (S) - 6/at % 0. l 

(S in Fe) 
Qv 9.0/at % (Fe) 9.0/at % (Fe) 1.5 
Ql 15/at % (Cu) 40/at % (Fe) 2.0 
Q• 2.3 x 2.3 x 10-12Na 2.3 

[0-13Ndt 
LOg ~ 10-3Q• ~ 10 ~Ql <0.002 

*(a) It is found that the defect contribution is about 7% and is in 
close agreement with the experimental value_ (b) All values at 300 K. 
(c) Ideal resistivity of Fe Ow = 6.9#~)cm. (d) Resistivity in 
annealed stainless steel ~Oas = 79.57/x~'lcm (e) Resistivity in 
cold-worked stainless steel Qcs = 85.37#1"1cm (f) -~,1 = (Ocs -- 
&<,s)/Qm = 0.0729 (from (d) and (e)); ~ob, = 0.0710 (Fig. 3). 
tNd is the number of dislocation lines per unit area [9, 10]. 

Since pressure will change fly, t)~ and t~_L mainly by 
reducing the concentrations of point defects and 
dislocations (leading to recovery), electrical resistivity 
could be used as a tool to understand the defect 
behaviour under pressure. 

3. Experimental procedure 
The chemical composition (wt %) of the AISI 316 
austenitic stainless steel Used in this investigation as 
given by the supplier (Sandvik, Sweden) was 0.05 C, 
17.45Cr, l l .81Ni ,  2.5Mo, 0.68Si, 1.35Mn, 0.011 S, 
0.047 P and balance Fe. This alloy was cold-rolled into 
strips of about 0.06ram thickness, starting from a 
thickness of 1.6ram [11]. A l c m  • l c m  foil was 
ground to 0.015ram thickness using a jig described 
previously [12] and samples of 1 m m x  0.5 mm were 
cut from this ground piece for high-pressure resistivity 
measurements. Samples obtained in this way are refer- 
red to as CS. Similar samples were cut and solution- 
annealed for one hour at 1080~ C and then quenched 
in water. This sample was again heat-treated at 400 ~ C 
to anneal out excess point defects. Samples treated 
this way are termed AS in the subsequent sections. 
Samples prepared for microhardness tests were 
0.07 mm thick and received similar treatment as des- 
cribed above. 

A three-sample, four-probe and twelve-lead arrange- 
ment, as depicted in Fig. 1, in a Bridgman opposed 
anvil configuration, was used in the present work. This 
facilitated the in situ calibration of  the high-pressure 

cell. A pressure step of about 500 MPa was imparted 
and the resistivity variation with respect to time was 
monitored for a fixed period of 30 rain in each case. 
The pressure-step treatment was imparted up to 
12 GPa on the samples and the resistivity monitored. 
Samples that were pressure-treated at 12GPa were 
termed PS. 

Pressure was generated by concentrating the load 
on a pair of maraging steel anvils. The samples were 
housed in a pyrophyllite container and AgC1 served as 
the pressure transmitter. As the shear strength of AgC1 
is low ( ~  50 MPa), the pressure on the sample is nearly 
hydrostatic. Internal calibrants like bismuth or tin 
were used to monitor the sample pressure [13, 14]. By 
measuring the width of  the bismuth I to 1I transition 
at 2.54GPa, an estimate of the uniaxial stress com- 
ponent was found to be less than 0.5% as shown in 
Fig. 2. This result is consistent with the findings 
reported by others [15, 16]. The electrical resistivity in 
our laboratory can be measured with a sensitivity of 1 
in 105 and the time resolution is 0.25 sec. 

Sample preparation for TEM was done by a jet 
polishing technique [17]. A mixture of 54% ortho- 
phosphoric acid, 36% sulphuric acid and 10% metha- 
nol was used as the electrolyte, with the sample as the 
anode. The bath was maintained at 60~ and the 
thinning was done by applying about 60 V d.c. 

4. Approach to the study of defect 
behaviour under pressure 

In studying the resistivity changes and evaluating 
the contribution due to defect behaviour, one must 
eliminate the geometrical deformations due to non- 
hydrostatic components of  pressure. If  samples of CS 
and AS of exactly the same sizes and shapes are made 
and studied in the high-pressure cell, the effect of  
geometrical distortion can be reduced. In practice, this 
is a difficult task, and alternatively the following 
approach is taken. 

I f g  and R stand for the geometrical factor and the 
resistance of a sample, then the resistivities of  CS and 
AS are 

Pcs = gcsRcs; QAS = gAsRAs (3) 

Combining Equations 1, 2 and 3, we have for A~ the 
expression 

Ap = gcsRcs --  gAsRAs = QV + ~1 + tJ• (4) 

Expressing the resistance in terms of the relevant 
voltages and currents, 

A0 - Vcs VAs 1 
lcs gcs - ~As gAS = 7 (Vcsgcs -- VASgAS) 

(5) 

if we chose Ics = /As = I (say). 
Now defining the reduced resistivity ratio ~ = 

AQ/QAs, we have 

= (Vcs  gcs 1) 
\ VAS gAS 

= (Q~ + 4, + ~ l ) / ( ~  + ~-~ + e,) (6) 

Standard four-probe resistivity measurements were 
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Figure 1 The sample cell is shown in posi- 
tion in an opposed anvil apparatus. The 
arrangement for the three-sarr, ple, four- 
probe, twelve-lead assembly is depicted 
separately where annealed stainless steel 
(AS), cold-worked stainless steel (CS) are 
shown with bismuth as the pressure marker 
(internal calibrant). Other features shown 
in the figure are self-explanatory. 
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Figure 2 Voltage output from bismuth as a function of  oil pressure 
of  the hydraulic press, The two structural phase transitions occur- 
ring at 2.5 and 7.7 GPa are marked for the loading run. 1 psi = 
6.895 kPa. 
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carried out on carefully prepared CS and AS samples 
" to yield the quantity ~ under ambient conditions. The 

pressure cell was then loaded, and the voltages Vcs and 
VAs were measured at a pressure close to 100kPa. 
Substituting the values of N, Vcs and VAs, the quantity 
gcs/gAS was evaluated. In the subsequent high- 
pressure measurements, it was assumed that the g 
factors of both the CS and AS samples were affected 
in a similar way, and that when Vcs and VAs are 
measured at high pressures, the quantity [(Vcs/ 
VAS) (gcs/gns) - -  1] will yield the reduced resistivity 
ratio ~t. 

5. R e s u l t s  
5.1. Steady-state electrical resistivity 
A plot of reduced resistivity ratio ~ against the sample 

i pressure is shown in Fig. 3. Here Qcs, used to evaluate 
3300 ~,  pertains to the steady-state value of the resistivity 

of CS samples. It can be seen from the figure that 
initially ~ decreases sharply with pressure giving 
dg~/dp = -(2 .15 _+_ 0.05) • 10-2GPa -L. Beyond 
2GPa,  ~ starts increasing, leading to d~l/dp = 
+ (2.3 +_ 0.5) • l0 3GPa 1. Above 5GPa there is 
no appreciable change in d~/dp.  
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Figure 3 Reduced resistivity ratio plotted as a function of  pressure. 
An initial sharp decrease leads to dN/dp = - ( 2 . 1 5  4- 0,05) x 
10 -z G P a -  t. However at 2 GPa,  a change in the sign of the slope can 
be seen and beyond 2 G P a  d~t/dp = +(2.3  4- 0.5) x 10-3GPa -l .  
Above 5 GPa ~ is almost constant. 

5.2. T i m e - d e p e n d e n t  res is t i v i t y  and  k ine t i cs  
of  r e l axa t i on  

During the pressure-step loading, the electrical resis- 
tivity in CS exhibits a strong time dependence. In 
Fig. 4, typical raw data of  the time variation of  resis- 
tance of  the three samples AS, CS and PS are shown. 
All are recorded at 2 GPa. In the case of  CS, the time 
dependence was a maximum at 2 GPa, beyond which 
pressure it was weak. The time-dependent resistivity 
behaviour was analysed to yield a characteristic 
relaxation time using the relation [9, 10] 

[ ( ')] ~ -- ~ + ( ~ - ~ )  ] - e x p  - ~  (7) 

where superscript p stands for the prevailing pressure 
at which Equation 7 is used, ~,P is the reduced resis- 

tivity ratio at any instant of  time t, ~g and ~% are the 
initial and steady-state reduced resistivity ratios, and 
r p is the relevant relaxation time. This relation, when 
used to analyse the experimental results, was found to 
yield consistent values of  r p (within _ 5 sec). Fig. 5 
shows the variation of  the relaxation time as a func- 
tion of  pressure for a CS sample, and it is observed 
that the maximum value of  r p is ~ 500 sec at 2 GPa. 

5.3. M i c r o h a r d n e s s  m e a s u r e m e n t s  
Microhardness measurements were made on 24 
samples treated for 30 rain each, with the first sample 
at 500 MPa,  the second at 1 GPa,  etc., and with the 
last sample at 12GPa. The results are depicted in 
Fig. 6. It  is interesting to note that the microhardness 
behaviour has a remarkable resemblance to that of  the 
in s i tu  resistivity (Fig. 3). Initially there is a sharp fall 
in microhardness leading to a pressure variation of  
(100 ___ 20)GPa  -~ . (Here microhardness is expressed 
in Vickers Hardness Number.)  Beyond 2GPa ,  it 
appears that there is a small increase in the microhard- 
hess. As can be seen from Fig. 6, however, beyond 
5 GPa no appreciable change is noticed. 

5.4. X-ray diffraction s t u d i e s  
The Debye-Scherrer patterns of  AS, PS and CS showed 
that there were no appreciable changes in the values of  
the ring diameters. While the patterns for AS and PS 
show a set of  sharp rings, those for CS exhibit broad 
ones. Fig. 7a represents the intensity of  the strongest 
Debye-Scherrer  ring obtained for CS and Fig. 7b is 
that for CS treated at 2 GPa  for 0.5 h. In Fig. 7b, a 
comparatively smaller F W H M  is seen, which indicates 
that the rings become sharper under pressure. Beyond 
2 GPa, however, it was observed that no appreciate 
decrease in the F W H M  could be obtained. 
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Figure 4 Typical raw data taken with an x - t  recorder. The voltage outputs from PS (1) and AS (II) are seen to be weakly time-dependent, 
and that of the CS (III) exhibits a strong time-dependence. These data were taken at 2 GPa. 

1959 



500  

400 

300 

C-- 

~ 200 

~: 100  

0 - -  
1.6 

I I 

v 
3.2 4 .2  6.4 

P R E S S U R E  (GPa)  

8.0 9.6 

Figure 5 Relaxation time vP is plotted as a function of pressure for 
cold-worked stainless steel. The values are obtained using Equation 
7. A maximum at 2 GPa is obtained. Below and beyond 2 GPa,  the 
time-dependence is negligible. 

5.5. T ransmiss ion  e lect ron m ic roscop i c  
s tud ies 

Transmission electron micrographs are shown in 
Fig. 8. Fig. 8a corresponds to the CS sample and 
Fig. 8b to the CS sample treated at 2 GPa for 30 rain. 
For  CS, the dislocations are tangled networks. In 
contrast, the pressure-treated sample indicates a sub- 
granular or polygonized dislocation structure. It is to 
be noted that all the samples treated beyond 2 GPa  
show a polygonized dislocation structure. The dislo- 
cation density, D, was calculated using the relation 
D = 2 NM/Sx, where N is the number of lines cross- 
ing the circle of diameter d, S the circumference (=d) 
and x the sample thickness. Dislocation densities of CS 
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Figure 6 Microhardness data obtained from pressure-quenched 
samples indicate behaviour similar to that  indicated by the in situ 
resistivity shown in Fig. 3. 

and CS treated at 20 kbar are ~ 10 ~ and --~ 109cm -2, 
respectively. 

6. D i s c u s s i o n  
The time-dependence of resistivity in CS samples on 
the application of pressure yields a relaxation time 

500 sec at 2 GPa. This is suggestive of the fact 
that diffusive processes operate, resulting in a time- 
dependent decrease in ~ .  It is well known that in a 
severely cold-worked material, a considerable excess 
concentration of vacancies or interstitials can be 
achieved. Also in the specific case of stainless steel 
with a low stacking fault energy (sfe), during defor- 
mation, dislocations will be split into partials result- 
ing in a complex arrangement. The observed time- 
dependent changes can then be attributed to an 
interaction between the excess point defects and the 
dislocations, and lead to the annihilation of dislo- 
cations or their rearrangement. Since the experiments 
are done at room temperature where point defects are 
not normally mobile, the externally applied pressure 
must in some way aid the point-defect migration. The 
sign and the magnitude of  the activation volume of  
migration is an indicator of the possibility of defect 
migration under pressure and its efficiency. Processes 
with a negative activation volume of  migration will be 
enhanced by pressure. 

Calculations of the activation volume of  migration 
in 7-Fe have given a negative value [18, 19] and exper- 
iments on molybdenum [1] showed that pressure 
indeed decreases the Stage III recovery temperature. 
In the light of these findings, the relaxation effects seen 
at 2 GPa on CS samples clearly suggest the operation 
of  recovery processes in cold-worked stainless steel. 

From the data on self-diffusion [20, 21] for the 
elements present in stainless Steel, the activation 
energy for self-diffusion is ~ 3.0eV. A reasonable 
magnitude for the migration energy can be estimated 
as --~ 1.0 eV. For  2 GPa  pressure, the energy provided 
to each atom is ~ 0.21 eV. It therefore appears reason- 
able to assume that the already formed defects will 
have enhanced migration at 2 GPa. Hence, the recovery 
is initiated under pressure. However, the observed 
relaxation time of --~ 500 sec can be explained only 
after the relevant rate equations for the migration of 
defects are solved. 

The vacancy-aided diffusion process in metals is 
described by the relation D = Ga2voCvP m where G, a 
and v0 are the geometric factor, the lattice parameter 
and the Debye frequency, respectively, while Cv and 
Pm are the probabilities of  formation and migration of 
vacancies in the crystal [22, 23]. To appreciate the 
effect of pressure on D we should evaluate Cv and Pm, 
which are given as 

C~/C ~ = exp ( -pVf /kT)  (8) 

p 0 Pro~Pro = exp (-pVm/kT) (9) 

Here the superscript p stands for pressure and f and m 
signify the formation and migration mechanisms 
respectively. Assuming a reasonable value of V m to be 
10% of  the atomic volume and its sign to be negative, 
at 2GPa,  p2/pO = 2.3; that is, the migration 

1 960 



(G) 

LaJ 

z 

37 38 39 37 
Z8 (OEG] 

probability is enhanced by a factor of 2.3. Considering 
the situation where the already formed vacancies 
migrate under pressure and are absorbed at the disloca- 
tions, a recovery stage at 2 GPa is explicable. For  fur- 
ther diffusion to continue beyond 2 GPa, the parameter 
C( becomes important. This factor, as can be calculated 
from Equation 8, decreases by four orders of mag- 
nitude at 2 GPa. This explains a weak dependence of  

with time for pressures beyond 2 GPa. 
Experimentally it has been demonstrated that the 

dislocations act as excellent sinks for migrating vacan- 
cies with an efficiency of  nearly unity for high sfe 
materials, and between 0.5 and 1 for low sfe materials 
[24, 25]. 316 stainless steel is a low sfe material [26]. It 
follows that the excess vacancies activated by pressure 
move to dislocations, which in turn after absorbing 
the vacancies become mobile. Subsequently, these dis- 
locations can rearrange and annihilate each other as 
well [27, 28]. The presence of  any internal stress has a 
remarkable effect on these processes [29, 30]. 

As is well known, polygonization enhances topo- 
logical ordering at the expense of  the orientational 
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38 

J 

(b) 

J 
39 

Figure 7 Typical densitometer 
runs on (a) CS and (b) CS treated 
at 2 GPa for 30 rain. An indication 
of the decrease in FWHM is 
obvious in (b). 

coherence between local lattice directions [31]. Why 
this occurs can be understood from the principles of 
thermodynamic stability, and how it occurs under 
pressure can be discussed as follows. 

The elastic strain energy about each dislocation 
stored in the medium is proportional to the logarithm 
of  the area per dislocation. Hence, an increase in the 
dislocation density will decrease this energy to achieve 
a stable configuration [31]. On the other hand, the 
critical stress needed to glide one dislocation past 
another identical dislocation varies inversely as the 
distance between the slip planes. With the above two 
limits defined let us enquire into the possibility of  
formation of  polygonized structure in cold-worked 
metals such as alurninium and iron, and cold-worked 
systems under pressure (CS). The stacking fault 
energy plays a dominant role in polygonization. For  
example, it occurs very easily in aluminium (high sfe) 
but is hardly observed in copper (medium sfe). As the 
absorption efficiency of  vacancies is large for high sfe 
materials, a large number of dislocations are rendered 
mobile. In zinc, a stress a ~ 50gram --2 leads to 

Figure 8 Microstructure of  cold-worked stainless steel as observed in the T E M  at a magnification o f  105 (print magnification 8.6 x 104). 
(a) CS sample indicating a tangled dislocation structure; (b) dislocation structure in CS treated at 2 GPa for 30 min. It is observed that  the 
tangled dislocation structure t ransforms to a subgranular  structure after pressure treatment. 
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polygonization. Here it is argued that the activation 
energy of polygonization U ~ 1.36 eV is reduced by an 
amount /3(r = 0.1#b3 ~ 0.4eV for a ~ 5 0 g m m  -2 
[32, 33]. Here p is the shear modulus, b the Burgers 
vector and/3 is a constant. 

For stainless steel, a low sfe material, we assume 
that the activation energy for polygonization is large, 
~ 2 e V  [34, 35]. Here U will include the energy of  
formation of jogs and vacancies and the migration of 
the latter. This can be compared with the situation 
where polygonization in high sfe material is con- 
sidered. Here the activation energy for polygonization 
is controlled by the activation energy of migration of  
vacancies [34, 35]. In cold-worked materials where 
very large number of  vacancies are present and press- 
ure is applied, the diffusion of vacancies is dominated 
by the activation energy of  migration. Consequently, 
U in cold-worked low sfe material under pressure will 
be dictated by the energy of formation of jogs plus 
that of the migration of  vacancies. 

Under pressure, the yield stress or the mean internal 
stress increases [36] which can be approximated as 

a p = a~ + ap) (10) 

Assuming internal stress o ~ = 0.1/~ ~ 10GPa and 
10 -1GPa -~ for CS [37, 38], at 2GPa a p ~ 12.GPa 

resulting in the reduction in U by aPb 3 --- 0.6 eV. Thus 
the activation energy for polygonization is reduced by 
the application of  pressure and becomes small enough 
to allow the process to operate. 

7. Conclusion 
Hydrostatic pressure influences the density and topo- 
logical disposition of dislocations in a metal. This has 
been conclusively seen in the present work in which 
AISI Type 316 stainless steel has been chosen as the 
test material. Pressure affects the density of  dislo- 
cations and their rearrangement through the excess 
concentration of vacancies provided by the high 
degree of cold work. Pressure enhances their migra- 
tion probability at 2GPa by a factor of  2.3. The 
migrating vacancies are absorbed at dislocation sinks, 
rendering them mobile. The mobility of  dislocations is 
aided by pressure since the activation energy for a 
process such as polygonization is reduced by 0.6 eV at 
2 GPa. 
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