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A newly developed creep method is described for investigating the kinetics of manganese sulfide 
precipitation in two Si steels at hot working temperatures. The method was also applied to a 
Ti steel, in which the precipitation kinetics were previously determined using a stress relaxation 
technique. Prior to loading, the specimens are solution-treated for half an hour and then im- 
mediately cooled to the test temperature. A constant stress is applied to the sample by means 
of a computerized MTS machine, and the strain is recorded continuously during testing. The 
resulting creep rate is sensitive to the occurrence of precipitation; thus, the slope of the true 
strain-log (time) curve decreases immediately after the initiation and increases on the completion 
of precipitation. The precipitation-time-temperature (PTT) diagrams determined in this way on 
the three tested steels are of classical C shape. Because higher dislocation densities and internal 
stress levels are maintained, the present technique is more effective for monitoring the precip- 
itation events occurring in both austenitic and ferritic phases than the previously developed stress 
relaxation method. 

I. I N T R O D U C T I O N  

THE dissolution and precipitation of second phases play 
important roles during the processing of steels, tz-4~ In order 
to monitor the progress of precipitation, it is essential to 
develop reliable techniques which can provide infor- 
mation under the conditions of interest. Although a fairly 
wide variety of methods, such as electron micros- 
copy, f5-91 chemical or electrochemical extraction, t~~ 
and the measurement of electrical resistivity, [~4,151 have 
been employed, the mechanical techniques (in conjunc- 
tion with electron microscopy) are preferred for several 
reasons. First, mechanical testing can be performed di- 
rectly at the temperature at which precipitation takes place, 
so that the technique is ideally suited to studying pre- 
cipitation behavior in phases which are unstable at room 
temperature; [~6-~91 second, mechanical testing effectively 
"samples" the entire specimen, whereas a much smaller 
proportion of each specimen is investigated when elec- 
tron microscopy alone is employed; ~4"16-191 third, the ex- 
perimental time and effort required to determine PTT 
relationships are much less than required for the other 
methods. [17-201 

Among the mechanical methods, the stress relaxation 
technique is of particular interest because of its high sen- 
sitivity, small sampling error, and experimental ease. 
However, this method has so far only been employed 
for following the progress of precipitation in austen- 
ite. [4,19,2~ Indeed, initial attempts to use it to detect sul- 
fide precipitation in ferrite have been unsuccessful. [2~ 
Thus, efforts have been made to find an alternative me- 
chanical technique suitable for determining precipitation 
kinetics in ferrite as well as in austenite. 
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The method of creep testing described below was de- 
veloped in response to this need. In order to improve the 
creep resistance of materials, many studies have dealt 
with the effects of second-phase particles on the creep 
properties of metals. [2~ 251 Despite the increasingly good 
understanding of the interaction between precipitation and 
strength, little work has been carried out to date on the 
use of creep data for the measurement of precipitation 
kinetics. In the present paper, a mechanical technique 
based on the analysis of creep behavior is introduced. 
The results obtained with regard to precipitation in both 
ferritic and austenitic steels are presented, and the sen- 
sitivity of the technique is compared to that of the stress 
relaxation method developed earlier. [~9] 

II.  EXPERIMENTAL 
M A T E R I A L S  AND T E C H N I Q U E  

A. Material Preparation 

The kinetics of MnS precipitation in two electrical 
steels, which remain ferritic at all temperatures up to the 
melting point, and that of Ti(CN) in a microalloyed aus- 
tenite were investigated at high temperatures. The ex- 
perimental materials were provided by Dofasco Inc., 
Hamilton, Ont. and the Metals Technology Laboratories 
of the Department of Energy, Mines, and Resources, 
Ottawa in the form of hot-rolled plates. Their chemical 
compositions are listed in Table I. The concentrations of 
Mn and S were 0.07 and 0.021 wt pct in Si steel A and 
0.125 and 0.015 in Si steel B. The Si level in both these 
steels was approximately 3 pct. The Ti steel, which was 
used in a previous study,/4,w] had a Ti level of 0.25 pct, 
with a base composition typical of microalloyed plate 
steels. 

Compression samples 11.9 mm in height and 7.9 mm 
in diameter were machined from the as-received plates, 
with their longitudinal axes parallel to the rolling direc- 
tion. Concentric flat-bottomed grooves 0.15-mm deep, 
0.36-mm wide, and spaced at 0.46-mm intervals were 
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Table I. Chemical Composition in Weight Percent of the Steels Tested 

Steel C Si Ti A1 Mn N P S 

Si Steel A 0.025 3.13 - -  0.003 0.070 0.005 0.006 0.021 
Si Steel B 0.029 3.00 - -  0.007 0.125 0.004 0.003 0.015 
Ti Steel 0.050 0.27 0.25 0.01 1.43 0.007 0.005 0.010 

cut into the end faces to accumulate the glass lubricants 
applied to the sample/anvil interface during testing. ~26~ 

B. Experimental Procedure 

The experiments were carried out on a computerized 
mechanical testing system set up for hot compression 
testing. This system consists of  an MTS testing machine, 
a high-temperature vacuum furnace, and a helium 
quenching device. The thermomechanical treatment 
schedules are presented in Figure 1. Prior to the appli- 
cation of the load, the samples were heat-treated for half 
an hour at 1300 ~ for the electrical steels and 1260 ~ 
for the Ti steel. This treatment led to the complete dis- 
solution of the sulfide in the Si steels and of the C-rich 
carbonitride in the Ti steel. The dissolution temperatures 
employed in this schedule are about 50 ~ higher than 
the equilibrium solution temperatures of  MnS and TiC 
calculated from the solubility products reported in the 
literature, t27-3~j After such treatment, each specimen was 
immediately cooled to the test temperature at a mean rate 
of about 2 ~ by shutting off the power supply of the 
furnace. The test temperatures ranged from 800 ~ to 
1100 ~ for the Si steels and from 900 ~ to 1100 ~ for 
the Ti steel. On attaining the tes t temperature, a holding 
interval of  1 minute was employed to permit the speci- 
men temperature to become uniform. Then, a constant 
stress was applied to the specimen for up to 1 hour, and 
the strain was continuously recorded. During each creep 
test, the temperature was held constant to within + 1 ~ 

C. Determination of Applied Stress for Experiment 

It is important to note that the applied stress must be 
carefully selected if precipitation is to be detected by the 
creep method. On a trial basis, it was found that the 
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Fig.  1 - - T h e r m o m e c h a n i c a l  t r ea tmen t  s chedu le s .  

creep rate is sensitive to the occurrence of precipitation 
when the applied stress corresponds to the steady-state 
stress of  the steel hot-compressed at a strain rate of  about 
10 -4  S -1 .  Thus, preliminary tests were first carried out 
to determine the flow curves of  the steels at a strain rate 
o f  10 -4  S - I  directly at each temperature of interest with- 
out employing any prior solution heat treatment. A fam- 
ily of  true stress-true strain curves established in this way 
is shown in Figure 2 for one of  the 3 pct Si steels. Here, 
the steady-state stresses in the region in which the net 
rate of  work hardening is approximately zero are readily 
seen. The values defined in this way were employed as 
applied stresses for each testing temperature in question. 

D. Creep Test 

Computer monitoring and data acquisition for the creep 
tests were supervised by means of a program written in 
MTS BASIC/RT-11.  Since cooling from the solution 
temperature is involved in the present method, the tool- 
ing of  the machine contracts as the temperature de- 
creases. Hence, the raw creep data contain a contribution 
from the temperature-induced contraction, which can 
obviously interfere with the determination of the precip- 
itation kinetics during the first few hundred seconds of 
deformation. To remove the length change contribution 
from the raw creep data, the ram displacement due to 
the temperature decrease vs time relationship was first 
determined using the technique developed by Liu and 
Jonas r191 for stress relaxation testing. For each test tem- 
perature, the measured displacements were stored as length 
contractions of the tooling. These data were employed 
for correction of the raw creep data by subtracting 
the tool length decrease from the creep strain. This 
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correction routine was incorporated into the program, and 
only the corrected creep data are reported below. 

E. Electron Microscopy 

The freshly precipitated particles and their composi- 
tions were studied with the help of extraction replicas. 
The helium-quenched samples were first cut parallel 
to the compression direction with a low-speed diamond 
saw operated with a coolant. Next, the resulting pieces 
were mounted in bakelite, and the sectioned surfaces 
were ground using silicon carbide papers. Then, they were 
prepared by mechanical polishing with 6-/xm diamond 
paste and 0.3-/xm alumina in sequence for the Ti steel 
and by electrolytic polishing in a 50-50 solution by vol- 
ume of 30 pct H 2 0 2 - 8 5  pct H 3 P O  4 for the Si steels. The 
polished samples of Ti steel were lightly etched in 3 pct 
HNO,-97 pct C2HsOH and those of the Si steels in 1 pct 
HNO3-99 pct C2HsOH. Subsequently, the polished-and- 
etched surfaces were coated with a carbon layer about 
20-nm thick in a vacuum evaporator; the carbon layer 
was cut into 3 • 3 mm squares with a scalpel blade, and 
then released and placed on transmission electron micro- 
scope copper grids. Finally, the precipitates in the car- 
bon replicas were examined in a JEOL-100 CX scanning 
transmission electron microscope fitted with a PGT sys- 
tem IV energy dispersive X-ray spectrometer (EDS) for 
the chemical analysis of individual particles. 

III. E X P E R I M E N T A L  RESULTS 

A. Conventional Creep Testing 

The basic shape of the creep curve for electrical steel A 
is illustrated in Figure 3(a). In this case, the thermo- 
mechanical treatment shown in the inset was carried out. 
The test was performed at 900 ~ after half an hour of 
aging at the same temperature so that no precipitation 
took place during deformation in this case. During such 
tests, the steel was stressed at 900 ~ for as long as 1 hour. 
Figure 3(a) shows that after a primary stage of creep lasting 
for a few hundred seconds, the creep rate remains ap- 
proximately constant during the secondary stage of creep 
until the end of the test. When the data are plotted in 
terms of strain vs log(time), as in Figure 3(b), it is ev- 
ident that the true strain increases smoothly as log(time) 
increases, and no plateau is present on this curve. 

B. Experimental Curves 

Some typical creep data obtained by the present tech- 
nique on electrical steel A at 900 ~ are shown in Figure 4. 
From this figure, it can be seen that the slope of the 
creep strain with respect to the log(time) curve first in- 
creases during loading and then decreases after about 
15 seconds of creep. The slope begins to increase again 
at about 420 seconds. The points on the curve at which 
the plateau begins and ends, as will be demonstrated in 
more detail below, can be attributed to the occurrence 
of precipitation during creep. Identifying these two points 
as Ps (precipitation start time) and P/(precipitation finish 
time), these can be evaluated more precisely in terms of 

.1 

.09 

.08 

.07 

.06 

.05 

.04 

.03 

.02 

.01 

0 

.I 

.09 

.08 

~ 

~ 
*l 

~ * 

! 

Q 
O 

9 0 0 0 C  

~ 1 ~ 3 0  min. 

TIME 

I I I I 

1000 2000 3000 4000 

TIME (s) 

(a) 

5000 

.07 

.06 

.05 

.04 

.03 

.02 

.01 

0 

10 ~ 

0.021% S 
0.070% Mn 
AGING TEMP. 900~ 
TEST TEMP. 900~ 

2 

. /  

/ 
,.r a" 

10 0 101 10 ~ 10 a 10 4 

TIME (s) 

(b) 

Fig. 3 - - T y p i c a l  true strain curve obtained during conventional creep 
testing for Si steel A at 900 ~ plotted against (a) time and (b) log(time). 

the second derivatives of the strain with respect to 
log(time). The latter change from positive to negative at 
Ps and become positive again at P:. Thus, Ps and P/can 
be defined by the following equations: 

02( ) .0'(,)  I 
0(ln t)2lt_P,_ = 0, ana ~ O ( l n  t) ,=p, < 0 [1] 

~ ,=.: ' 03(~) [ 
> 0 [2] 0(ln t )  2 - :  0, ano ~ ,=P: 

where e is the creep strain, and t is the creep time. 
True strain-log(time) curves for the three experimental 

steels are presented in Figure 5. The precipitation start 
Ps and finish P: times identified in this way are indicated 
by arrows in these diagrams. From the curves, it is ap- 
parent that (1) the higher the testing temperature, the larger 
the creep strain in a given time, and (2) the strain pla- 
teaus become more marked as the testing temperature is 
decreased. 
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C. Morphology and Composition of the Precipitates 
Formed during Creep 

As shown above, an alloy in which a second phase is 
precipitated displays departures from conventional creep 
behavior. Direct structural evidence for this phenomenon 
was obtained by means of electron microscopy. The 
quenching schedule employed for this purpose is shown 
in the upper left-hand comer of Figure 6. Samples (b) 
and (d) were helium-quenched close to the P~ and P/ 
times defined above. Sample (a) was quenched prior to 
P,, sample (c) between P, and P/, and sample (e) at the 
end of the test. 

In Figure 6, electron micrographs are presented for Si 
steel A undergoing creep at 900 ~ No precipitates were 
found in the sample which was quenched prior to P~ 
(Figure 6(a)), while very small precipitates ranging from 
about 2 to 15 nm were occasionally observed after 
15 seconds of creep (Figure 6(b)). This supports the 
interpretation that it is the formation of these precipitates 
that arrests the creep rate. As the creep time was in- 
creased to 60 seconds, the density of precipitates in- 
creased significantly, and the particle size distribution 
broadened to cover the range from 2 to 40 nm, as illus- 
trated in Figure 6(c). As the creep time was further in- 
creased, the mean size of the precipitates increased 
continuously, but the density of the particles decreased, 
as shown for 420 seconds in Figure 6(d). This indicates 
that P / i s  associated with the start of the dissolution of 
small particles and the coarsening of the large precipi- 
tates, as in the case of stress relaxation, u9,32] The sig- 
nificant particle coarsening taking place after P/ is 
illustrated in Figure 6(e). 

The freshly precipitated particles were investigated by 
examining their X-ray spectra. A typical result is pre- 
sented in Figure 7, which reveals the strong Mn and S 
peaks associated with most of the particles formed in the 
Si steels�9 Thus, it can be concluded that manganese sul- 
fide precipitates are responsible for the hardening effect 
observed during the creep of the two electrical steels 
tested�9 
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D. PIT Diagrams 

The Ps and P/times determined by the present method 
for the two electrical steels are presented in the form of 
PTT diagrams in Figure 8. It is apparent from this figure 
that the curves for MnS precipitation in ferrite are of the 
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Fig. 6 - - C a r b o n  extraction replicas showing the progress of MnS precipitation in samples of  Si steel A undergoing creep at 900 ~ (a) 5 s, 
(b) 15 s, (c) 60 s, (d) 420 s, and (e) 3600 s. 

classical C shape, with the nose at a minimum time of 
about 12 seconds at 950 ~ for the 0.021 pct S Si steel 
and at 14 seconds and 950 ~ for the 0.015 pct S steel. 
Comparison between the two curves reveals that there is 
little difference in the precipitation start time between 
the two materials. The similarity of the Ps times suggests 

that the driving forces for MnS nucleation in the two 
steels are nearly identical. By contrast, the Pr times for 
the 0.021 pct S Si steel are significantly longer than for 
the 0.015 pct S Si steel. Note that />I is mainly deter- 
mined by the growth rate of the MnS particles once the 
nucleation rate has been established. This growth rate is 
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controlled by the diffusion of Mn in the present alloy 
system, since the diffusivity of  Mn is about an order of 
magnitude slower than that of  S in iron. t331 As a result, 
the higher Mn level (0.125 pct) in the 0.015 pct S steel 
leads to,a faster MnS growth rate and, therefore, to shorter 
PI times. 

The PTT curve for the Ti-bearing steel is shown in 
Figure 9, together with the results obtained from the ear- 
lier stress relaxation techniqueY 91 It is important to note 
that experimental points were readily obtained by the creep 
method at 1100 ~ conditions under which the stress 
relaxation test is too insensitive to detect changes in the 
state of  precipitation. The reasons for the higher sensi- 
tivity of  the creep technique are of  considerable practical 
interest and will be discussed in more detail below. 
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IV. D I S C U S S I O N  

A. Applicability of the Present Technique for 
Following Precipitation in Ferrite 

As mentioned at the beginning of this article, attempts 
to use the stress relaxation method to detect MnS pre- 
cipitation in Si steels have been unsuccessful to date. 
Therefore, it is relevant to explore why the creep tech- 
nique is more suitable than the stress relaxation method 
for investigating precipitation behavior in ferritic steels. 
It should first be recognized that during stress relaxation, 
the sum of the elastic and creep components of  the strain 
( e  e and ec, respectively) are equal to the initial elastic 
strain, ee0. Thus, neglecting anelastic effects, 

Differentiating, 

ee0  = e e q- e c [3] 

- ~ t  + ec = 0 [4] 

where o- a is the applied stress during stress relaxation, 
and E* is the combined elastic modulus defined in terms 
of the elastic moduli of  the specimen (E) and testing 
machine (E ~ as follows: 

1 1 1 
- + [5 ]  

E* E E ~ 

The analysis of  stress relaxation phenomena in phys- 
ical terms is not simple, but a first approximation can 
be obtained by relating the creep rate to the effective 
stress o-* by a power l a w :  [34] 

ec = B*o-*" [6] 

Substituting the above into Eq. [4], 

[7] 
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A s  

o'a = or* + o'~ [8] 

where o'~ is the internal stress of  the specimen during 
stress relaxation, Eq. [7] can be transformed into 

( - ~ )  d(cr* + ~ B*o'*" [9] 

By assuming that the internal stress, or, is constant dur- 
ing stress relaxation and then integrating the above re- 
lation, the effective stress at any time, t, can be expressed 
a s  

o'Z 
0"* = [10] 

[1 + B * E * ( n -  1)o-*"-lt] '/"-1 

where o-* is the initial value of the effective stress. 
The quantitative estimation of  o'~ and o-* requires some 

input regarding the initial conditions. For this purpose, 
we first assume that 

o'i0 -~ 0.5o'a0 [11] 

where o'~0 and o-,0 are the initial values of the internal 
and applied stresses, respectively. At the very beginning 
of stress relaxation (t = 0), we therefore have 

or* = o% - o'i0 = 0.5o'a0 [12] 

Employing the present experimental observations for o'~0, 
the data for E ~ reported by Liu [4] and for E, B*, and n 
by Frost and Ashby t351 in the above equations, the ap- 
plied stresses for the 3 pet Si and 0.25 pet Ti steels were 
calculated for stress relaxation after a 5 pet prestrain at 
900 ~ These are presented together with the experi- 
mental results in Figure 10. 

After comparing the predictions for the Ti steel with 
the experimental curves obtained in the previous 
study, t19,2~ it is evident that the assumption that the in- 
ternal stress ~ remains approximately constant as stress 
relaxation proceeds is consistent with the observations. 
For Si steel A, however, there is a large difference be- 

tween the calculated and measured values of  the applied 
stress. Hence, the assumption that the internal stress o'i 
is constant and equal to about half of O-ao during stress 
relaxation is seen to be untenable for ferritic steels. Such 
steels, like most bcc metals, have higher stacking fault 
energies than when in the austenite condition, so that 
after straining is interrupted, more recovery is expected 
during the course of  stress relaxation. 

The effects of  such recovery can be readily evaluated 
by making some assumptions about the kinetics of  the 
process. For example, the recovery of internal stress can 
be considered to follow zero-order kinetics, so that 

o'i = o'm - kot [13] 

Here, k0 is a zero-order rate constant and is given by the 
decrement of  internal stress per unit time. Alternatively, 
if the recovery of internal stress follows first-order ki- 
netics, o-~ takes the form 

o ' i  = o ' i 0  exp ( - k , t )  [14] 

where k, is the first-order rate constant. The substitution 
of Eqs. [13] and [14] into Eq. [9] leads to 

do'* 
- -  - ko = -B*E*O'*"  [15] 

dt 

and 

do'* 

dt 
- -  - -  k l O ' i o  exp ( - k i t )  = - B * E * o ' * "  [16] 

respectively. 
The above equations were solved by the Runge-Kutta 

method. The results obtained were substituted into Eq. [8], 
leading to the family of  applied stress curves presented 
in Figure 11. It is evident that the predicted values match 
the experimental results when the recovery of internal 
stress is described by the first-order kinetics model (but 
not the zero-order model). Thus, it appears that the re- 
covery of internal stress is responsible for the rapid de- 
crease in applied stress in the first second in the Si steel. 
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Furthermore, the softening process develops so quickly 
that the internal stress nearly disappears well before the 
initiation of MnS precipitation (15 seconds at this tem- 
perature). Such an exponential decay of internal stress 
supports the view that dislocations in ferritic steels are 
readily annihilated during stress relaxation. Bearing in 
mind that the detection of precipitation by mechanical 
methods relies on the interaction between precipitates and 
dislocations, ~191 it is clear that the rapid disappearance of 
dislocations in ferritic steels makes it difficult to use the 
stress relaxation method in these materials. By contrast, 
the present creep technique, by holding the stress con- 
stant during testing, maintains the dislocation density at 
a high enough level that the progress of precipitation can 
be monitored for as long as 1 hour in ferritic steels, as 
well as in austenitic steels at elevated temperatures. 

B. Comparison of the Sensitivity of the Creep 
Technique with that of the Stress Relaxation Method 

The PTT diagrams obtained in the present work for 
the 0.25 pct Ti steel were compared with those deter- 
mined by the stress relaxation method tl91 in Figure 9. It 
is apparent from this figure that above 950 ~ there is 
a slight shift to the left in the Ps curve determined by 
the present technique. Furthermore, the stress relaxation 
method was not sensitive enough to detect the start and 
finish of precipitation at 1100 ~ whereas the creep 
technique led to the ready definition of both the Ps and 
Py times at the latter temperature. The explanation of these 
phenomena is the same as why the creep method is able 
to handle ferritic steels. After deformation at tempera- 
tures as high as 1100 ~ even austenitic steels undergo 
significant static recovery, during which most of the dis- 
locations within the material are readily annihilated. This 
inherent shortage of dislocations seems to be a short- 
coming of the stress relaxation method. By contrast, dis- 
locations are continuously being generated and recovered 
during creep. As a result, the creep technique can be 
employed at higher temperatures than the stress relaxa- 
tion method, even in austenitic steels. 

V. CONCLUSIONS 

A new mechanical method has been developed for de- 
tecting precipitation start and finish times in both ferrite 
and austenite at hot working temperatures. The follow- 
ing conclusions can be drawn from the results of this 
study: 

1. During creep testing, the creep rate is sensitive to the 
occurrence of precipitation; thus, the slope of the creep 
strain-log(time) curve decreases markedly after the 
initiation of precipitation and increases on the com- 
pletion of precipitation. Accordingly, the left- and 
fight-hand ends of the plateaus on these curves can 
be identified as the precipitation start and finish times, 
respectively. 

2. The PTT diagrams determined by the technique de- 
scribed here are generally C-shaped. For both Si steels 
tested, the nose temperature is about 950 ~ while 
the nose time is 12 seconds for the one containing 
0.021 pet S and 0.070 pct Mn and 14 seconds for the 
one with 0.015 pct S and 0.125 pet Mn. Although 

there is little difference in precipitation start time be- 
tween the two materials, the Py times in the former 
are considerably longer than in the latter. 

3. Recovery rates during stress relaxation obey first-order 
kinetics in the present ferritic steels and are much 
higher than in microalloyed steels tested in the aus- 
tenite range. The high recovery rates rapidly reduce 
the dislocation density to levels which are too low 
for the determination of P, and Py times by stress re- 
laxation. By contrast, the present creep method, by 
maintaining the dislocation density at an appropriate 
level, is capable of detecting the beginning and end 
of precipitation in these materials. 

4. Comparison between the present technique and the 
stress relaxation method developed earlier shows 
clearly that the former is more sensitive than the latter 
when both are employed at high temperatures in the 
austenite range. 
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