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Abstract - The interactions between stress and martensitic transformation -- 
arc studied for a low alloyed steel (6ONCDll) with a M temperature of 230°C. 
For tensile tests carried out at temperatures just abo$e M , the transforma- 
tion doesn't exhibit the stress-assisted behavior expectedSfor athermal mar- 
tensitictransformation. In contrast, for "static" tests, M is enhanced even 
at low stresses, but this enhancement is cooling-rate depegdant. A comparison 
has been made with an Fe-Ni-C-Cr alloy obtained by adding Nickel to the 
60NCDl1 steel and an Fe-20 Ni - 0.5 C alloy. For these two alloys M is below 
room temperature. A classical scheme with stress-assisted martensit: and 
strain-induced martensite is observed for the Fe - 20 Ni - 0.5 C alloy but an 
intermediate behaviour is obtained for the Fe-Ni-C-Cr alloy. 

The influences of stress and strain on martensitic transformation of steel 
havebeenstudied by many authors (1-5) both F.C.C. -+BC.C.and F.C.C. -+ H.C.P.Areview 
of these studies however indicates, that most were carried out at below room tempe- 
ratures. 

An interest in the interactions between stress and phase transformation, par- 
ticularly concerning alloyed steels in common use where martensitic trans- 
farmstior, occurs at rapid quenching, led us to study the effect of tensile 
stress on a steel whose composition is Fe - 0.6 C-2.5 Ni-0.4 Cr-1.5 Mo (60 NCDII). 
The transformation temperature (M ) of this steel is 230°C. 

In order to compare the results of this steel with other published data we 
made an alloy whose M temperature was - 16OC by adding Nickel to 60 NCDll steel and 
an Fe-20 Ni-0.5 C allgy whose Ms temperature is - 6"C, a type widely studied by 
others (1, 2, 4,5) .  

Experimental methods - The composition of the three alloys studied is given in ta- 
ble 1 (wt x). 

Table 1 

Sample austeniti7ation is carried out at 1050°C for 20 minutes for 60NCDlI 
steel and at 1000°C F ~ r  20 minutes for Fe-Ni-C-Cr and Fe-Ni-C alloys. The >f tem- 
perature is thus 230°C for 60NCD11 steel, - 16°C for the Fe-Ni-C-Cr alloy and = 6'~ 
for the Fe-Ni-C alloy. The austenite grain size is 30 to 70 pm for 60NCD11 steel, 
25 to 50 pm for the Fe-Ni-C-Cr alloy and 30 to 70 pm for the Fe-Ni-C alloy. 
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The tests are performed on a dilatometer which generates rapid variations 
of temperature and stress (6). Because of its high transformation temperature, the 
studyof 60 NCDll steel requires a relatively rapid cooling to near the transforma- 
tion temperature after austenitization to avoid bainitic transformation. At tempe- 
rature below 260°c, the interaction between stress and martensitic transformation 
can be effectively studied. These operations must be done rapidly and continuously. 

In contrast, the Fe-Ni-C-Cr and Fe-Ni-C alloy samples are first austeniti- 
zed and water quenched. At this time they are fixed to the dilatometer. The samples 
are cooled or eventually reheated in baths, to the test temperatures. These latter 
manipulations are much easier to perform. 

For 60 NCD 1 1  steel, two types of tests were performed : 

- a "static" type where a constant load is maintained in the martensitic 
transformation range, while the temperature decreases. 

- a "dynamici' type where the sample temperature is constant, and the load 
increases. This test is comparable to a tensile test, differing in that 
we do not regulate the strain rate but the loading rate. For the Fe-Ni- 
C-Cr and Fe-Ni-C alloys only the second type of test was performed. 

The apparatus allows us to constantly monitor sample temperature, length 
and electrical resistance variations and applied load. In the case of 60 NCD 1 1  
steel the dilatometric variations and the resistance variations allow us to detect 
transformation. In the dynamic tests a combination of these two variables allows us 
to say if the transformation is stress-assisted or strain-induced (7). 

For the Fe-Ni-C alloys whose martensitic transformation temperature is be- 
low room temperature, the transformation is detected by measuring magnetic permea- 
bility variations, using a method based on that described by OLSON et al. (8). 

Results and discussion 

60_-NCD_-ll_st eel 
M temperature variations with applied stress for the-static tests are pre- 

sented in figure 1 ; for two cooling rates (V = 0.5'C/s and V = 5"C/s in the tem- 
perature range 250°C-20°C). We observe a linear enhancement of the M temperature 
with applied stress. However this increase varies with the cooling 'rate 
(dMS/da = 0.07"C/MPa for V = 0.5"C/s and dM /do = 0.05°CjMPa for V = 5OC/s). 

Fig. 1 - W temperature variations 
with applied stress and 

for two different cooling 
rates (60 NCD 1 1  steel). 

In the dynamic tests, Figure 2 shows 
the stress required to induce trans- 
formation as well as the austenite 
yield stress versus the test tempe- 
rature. 

To determine these values we used 
the experimental curves 0 = f(AL/L) 
and a = f (U) where U is the electri- 
cal potential variation proportional 
to variation in electrical resistan- 
ce. An increase in length is caused 

0 100 200 300 oCMPa1 



either by themartensitic transformation or by the plastic strain of the austenite. 
A divergence of the curve 0 = f(AL/L) from the linear path indicates thus a trans- 
formation or a plastic strain. The 0 = f(U) curves allows us to separate these two 
phenomena. The transformation is indicated by a drop in resistance (- 0.5 mG varia- 
tion for a dilatometric transformation amplitude brought to while plastic 
strain increases electrical resistance (+ 0.07 mS1 for loq2 plastic strain). 

Analysis of the curves of electrical resistance variations with applied 
stress allows us to define the stress o at which there is austenite yielding. 
This occurs when the electrical resistagce varies from the linear or from a negati- 
ve resistance variation with the applied stress. The stress required to induce 
transformation (o ) is thus determined by the curve o = ~(AL/L). Finally a detailed 
study of the relaEionships AR/(AL/L) allows us to define if the transformation is 
S.A.M. or S.I.M., and the stress value beyond which a transformation can be indu- 
ced (7). 

Fig. 2 - Critical stress value (*) 
needed to induce transfor- 
mation and yield stress of 
austenite ( m )  versus test 
temperature for 60 NCDll 
steel. 

The results obtained show that for 
temperatures slightly higher than 
M the transformation is induced 

only for stress values near the 
yield stress of the austenite. In 
the range of temperatures from 
230°C to 250°C the stress required 
to induce a transformation is ba- 
sically constant, and the trans- 
formation is strain-induced. 

The influence of a prior work-hardening of the austenite was also studied. 
The steel ispre-strained at 260°C in a way which induces no transformation. Note 
that in this case the M temperature is slightly lowered by the work-hardening of 
the austenite. 

-3 

For a pre-deformation of 8.10 at 260°C with a stress limit of work-harde- 
ning of 270 MPa, the stress a required to induce the transformation after cooling 
to 230°C is thus 230 MPa. In Ehe case of a work-hardening of 2.8 x lo-', with a 
stress limit of work-hardening of 400 MPa, the stress o is 310 MPa. The M tempe- 
ratures are 223 and 215°C for deformations of 8. an5 2.8 x low2 respec?ively. 
We see that work-hardening noticeably increases the stress required to induce the 
transformation. 

In the case of this alloy, we do not observe the classic scheme proposed by 
OLSON and COHEN (11)  in which there are two distinct areas ; one in which the 
transformation is stress-assisted and the other in which the transformation is 
strain-induced. In this scheme one observes between Ms and @ a linear variation 
of the stress required to induce the transformation versus tgst temperature. This 
variation can be calculated using the PATEL and COHEN model (2). 

In our case, a calculation using this model gives a dM /do value of 
O.I3'C/MPa for values of d(AG Y a)/d~= 1.5 cal/mol, yo = 0.79 and co = 0.03. 

In the case of static tests, the linear variation of the transformation 
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temperature with applied stress is closely observed, but the dM /do values are wea- 
ker than those calculated and, in addition, there is an influenge of the cooling 
rate. 

Of the ~ublished studies of dynamic tests we have seen, the work of OLSON and 
AZRIN (9) on TRIP steels at 0.19 wt % C shows a behavior analogousto ours. These 
authors attribute this behaviour to the isothermal character of the spontaneous 
transformation. They established a relation between the critical stress needed to 
induce the transformation and the temperature (10). The critical stress needed to 
induce the martensitic transformation does not decrease towards a zero value when 
one approaches the temperature of the spontaneous transformation. 

In order to see if the transformation of our steel was dependant on the coo- 
ling rate, the samples were cooled either rapidly to room temperature or rapidly to 
280°C and then slowly before Ms measurements. M temperature values vary from 253OC 
for the "slow" cooling to 230°C for the rapid czoling. The averagc cooling rates 
between 280 and 250°C are respectively 0.17°C/s and 3OC/s. 

It thus seems that time has an influence on the beginning of martensitic 
transformation of this steel. Such a variation of Ms with the cooling rate could 
explain the slope variations dM /d with cooling rate for the static tests. s a 

The same phenomenum could explain the behaviour we observed in the dynamic 
tests and which is similar to OLSON'S interpretation. 

C~~~srison-with-the~Ee_:Ei:C:Cr-s~!-EezEizC-a_11~~~ 
Figures 3 and 4 show the stress values required to induce the transformation 

versus the tensile test temperature for these alloys. 

Fig. 3 - Critical stress value (*) nee- Fig. 4 - Critical stress value (*) nee- 
ded to induce transformation ded to induce transformation 
and yield stress of austenite and yield stress of austenite 
( 0 )  versus test temperature ( m )  versus test temperature 
for Fe-Ni-C-Cr alloy. for Fe-Ni-C alloy. 

For the Fe-Ni-C alloy, we observe a linear enhancement with the temperature 
of the stress needed to induce the transformation. For tests performed at tempera- 
ture near M , there is a certain dispersion of the critical stress value. The slope 
of the line& part is 0.14°C/MPa, which is close to values obtained by PATEL and 
COHEN (2) and other authors~tul~ingsimilar alloys. The Fe-Ni-C-Cr alloy exhibits a 



large temperature range during which transformation is induced by strain without a 
large variation of the critical stress ot. In contrast, when temperatures are near 
the M ,less than - 5"C, there is dispersion of the stress values needed to induce 
trans?ormation. 

Figure 5 summarizes the different kinds of interactions between stress and 
martensitic transformation that we found for the three alloys. We have plotted the 
critical stress needed to induce transformation against the difference between test 
and M temperatures. 

We conclude that : 

- the Fe-Ni-C alloy follows the 
classic scheme whereby the transfor- 

FeNrC 
FeNfCCr 

mation is first stress-assisted 
* BONCDII (linear stress variation with the 

7 temperature between M and Mg),then 

300 f induced by strain. ~ h g  orders of ma- 
gnitude are similar to these repor- 
ted in the literature. 

... ............*.... ... 

- the 60 NCDll steel does not show 
a stress-assisted martensite range 

100 * * *,* under our experimental methods. 
+%' There does exist, however, a tempe- 

rature range where the stress nee- 
ded to induce transformation is more 

-20 0 20 40 
e-MsSCI or less constant. 

Fig. 5 - Critical stress value needed - the Fe-Ni-C-Cr alloys has an in- 
to induce transformation ver- termediate behaviour. It has a tem- 
sus the difference between perature range which is more res- 
test an M temperature for the trictid than the Fe-Ni-C alloy whe- 
three all&s. re the transformation is stress-as- 

sisted. No clear linear relation is 
observed, and there is a dispersion 
of the critical stress values. At 
higher temperatures there is a wide 

range where the transformation is strain-induced without a large variation in the 
critical stress, as with 60NCD11 steel. 

Finally for the three alloys at the highest test temperatures we observed a 
strain-induced martensite range where the critical stress increases relatively ra- 
pidly as a function of the tensile test temperature. 
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