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TEM investigation of the tempering behaviour 
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The PH 17-4 Mo steel (Z6 CND 17.04.02), used in the steam generator of nuclear reactors, 
was investigated in order to determine the structural evolution occurring during tempering 
carried out under various conditions of duration and temperature. The formation and growth 
of different types of carbides such as Mo2C, M2366 and M7C 3 and of Fe2Mo intermetallic 
compound were studied and also of reversed austenite. A small secondary hardening peak 
was observed for tempering close to 400 ° C which is related to the Mo2C carbide precipita- 
tion; beyond this temperature, softening occurs. 

1. Introduction 
During the last twenty years, due to the important 
requirements of the nuclear and aeronautical indus- 
tries, the ferritic, austenitic, martensitic and austeno- 
martensitic stainless steels (with a tempering capacity) 
have undergone great development. It has been 
proved that among these different steels, the marten- 
sitic ones lead to the best compromise of the mech- 
anical properties up to relatively high temperatures 
(1 5]. Furthermore, by annealing in the austenitic 
range these materials acquire a sufficient ductility to 
be machined; and besides, by tempering at moderate 
temperatures, nucleation and growth of very small 
precipitates occur in the martensite leading to an 
increase of the material hardness. 

This paper describes various phenomena which 
occur during the tempering of a PH 17.4 Mo (Z 06 
CND 17.04.02) stainless steel used in the steam 
generators of some nuclear reactors. 

It may be mentioned that in an earlier work [6], 
carried out on the same steel, we especially described 
and analysed the structural evolutions occurring 
during different thermal treatments performed 
between 20 and 1400°C, using various heating and 
cooling rates. 

2. Experimental procedure 
2.1. Material 
The chemical composition of the PH 17.4 Mo steel 
under consideration in the present paper is given in 
Tables I and II, respectively, for major and minor 
additions. 

The steel, manufactured by Acieries Aubert et 
Duval (41 rue de Villiers, Neuilly-sur-Seine, BP120- 
92202, France), was provided as a bar of 80mm 
diameter and 140mm length. It was first solution- 
treated at 1020°C, then oil-quenched and aged at 
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T A B L E  I Composition of PH 17.4 Mo steel for major additions 

Elements C Cr Ni Mo 

Composition (wt %) 0.051 15.95 4.65 1.24 

580 ° C. In the following, this state will be referred to 
as the "as-received" state. As will be shown below, the 
duration of the industrial tempering carried out at 
580°C has been deduced while comparing the micro- 
structures of the as-received state with those of 
samples tempered at different temperatures (T 0 and 
for various times (tt). Some samples in the as-received 
state were reheated at 1100 ° C for 30 min under argon 
atmosphere, then water-quenched. This state is further 
referred to the "as-quenched" state. It has been shown 
by optical microscopy that the steel in this state con- 
sists of lath martensite and 6-ferrite with a volume 
fraction of about 18%. 

2.2. Exper imental  m e t h o d s  
The structural evolutions of the steel studied in its 
different states were followed by 

(i) differential dilatometric analysis, performed 
with a DPH 55 type dilatometer, under primary 
vacuum, with heating (Th) and cooling (To) rates equal 
to 300(°C) h ~. The samples were 5mm x 5mm x 
20 mm parallelepipeds; 

(ii) thermomagnetic analysis carried out under 
primary vacuum in a Type II Adamel-Chevenard 
(ISA, Division Adamel et Lhomargy, Ivry-sur-Seine, 
France) apparatus, the heating and cooling rates being 
also both equal to 300( °C)h  -~. The samples used 
were cylinders of 2 mm diameter and 10mm length; 

(iii) X-ray diffraction, performed with a Siemens 
apparatus using copper radiation filtered with a thin 
foil of pure iron; the set-up was equipped with a 
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T A B L E I I Composition of PH 17.4 Mo steel for minor additions 

Elements Composit ion Elements Composit ion Elements Composit ion 
(wt %) (wt %) (wt %) 

S 0.001 Nb 0.010 N < 0.020 
P 0.028 W 0.020 As < 0.010 
Si 0.370 V 0.035 Sn < 0.005 
Mn 0.785 Cu 0.070 Sb < 0.002 

Pb < 0.003 

crystal of graphite used as a back monochromator; 
(iv) hardness measurements under a 300N force 

carried out on a Malicet and Blin (Socidtd Malicot et 
Blin SKF, Ivry-sur-Seine, France) apparatus; 

(v) electron microscopy and microdiffraction, in a 
Jeol 100C at 100 kV. Thin foils were obtained using a 
Struers device (dual jet electropolishing technique) 
at 60V with a current density of 0.2Acm -2, in a 
bath kept at - 8  ° C, and containing 725 cm 3 methyl 
alcohol, 175cm 3 ethylene glycol monobutylic ether 
and 100 cm 3 perchloric acid. 

3. Experimental results 
3.1. Dilatometric and thermomagnetic 

analysis 
The differential dilatometric curve recorded with 
i/h = 300(°C) h-j (Fig. 1) shows the dimensional 
variations developed in the as-quenched sample. 
Indeed, it can be noticed that the curve exhibits a 
slight curvature between 100 and 250°C correspond- 
ing to a transient increase of the mean expansion 
coefficient of the sample. This can be related to the 
diminution of the residual stresses formed during the 
prior martensitic transformation. Then from the Acd 
point (which is equal to 620 ° C for i/h = 300 (° C) h-  1 ) 
a strong contraction reveals the austenitic transfor- 
mation until the Aor point (equal to 965°C for this 
particular i/h). During the cooling, we only obserw 
the martensitic transformation starting at the Ms 
point, at 150°C; this transformation appears by a 
strong expansion. The Mf point is slightly higher than 
20 °C. The use of the A~d, Aof, Ms and Mf points 
instead of the Ac~, Ao 3, Aq, and At3 temperature can be 
justified by the fact that pearlite transformation does 
not occur in the case of PH 17.4 Mo steel. 

The thermomagnetic curve recorded by using the 

T(°(:) 
2o,~,oo, 2o0,390 . ,~oo.5oo 6po zoo coo, 9o,0 ~ooo 

965 C 

"TM s• = ~5o°c 

4 Sample - A p y r o s  

Figure 1 Differential dilatometric curve recorded from a sample in 
the as-quenched state with heating and cooling rates of  
300 ( °C)h  l. ,x Sample = [(Lr - Lo)/Lo] where L r  is length at 
temperature T, and L 0 is length at 20 ° C. 
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same heating rate is shown in Fig. 2. It only exhibits 
before the Acd point an increase of the magnetic inten- 
sity mainly beyond 350 ° C; this behaviour corresponds 
to a change in the size of the Weiss domains [6, 7] 
rather than to a change in composition of the marten- 
sitic matrix. Therefore the comparison of the ther- 
momagnetometric curve shown in Fig. 2 and those 
recorded on steels having a different composition of 
PH 17.4 Mo steel [8] shows that PH 17.4 Mo steel does 
not contain enough carbon to lead to the formation 
of e or Fe3C carbides in the martensite. Indeed, no 
noticeable contraction corresponding to such pre- 
cipitates was observed for temperatures lower than 
300 ° C on the dilatometric curve shown in Fig. 1. The 
decrease of the magnetic intensity observed in two 
successive stages beyond the At, point has been related 
to various phenomena and has been widely analysed 
in a previous paper [6]. We can briefly summarize it as 
follows. 

Before the Acd point, precipitation phenomena 
occurring in the martensitic matrix (discussed in the 
next section) lead to a heterogeneity in this phase as 
far as the addition element content is concerned: 
i.e. Mi zones are respectively enriched (ME~) or 
depleted (MD~) in these elements, particularly 
(Ni + Mo). Beyond the A~ d point, these two sets of 
martensites transform into austenite in two successive 
stages according to a decomposition mechanism 
which is similar to the one occurring in the case of 
a metastable phase diagram for which diffusion pro- 
cesses take place, according to the relations 

1st stage: ME i "*  7EEi q- MEDi ~EDi 

2nd stage MD~ ~ 7DE~ + MDD~ 7DD~ 

The first decrease of the magnetic intensity observed 
in Fig. 2 from the Acd point is reversible and has been 

J 
T(°C} 
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M S = 150 °C 

Figure 2 Thermomagnet ic  curve recorded from a sample in the 
as-quenched state with heating and cooling rates of  300 (° C) h -  t. 



interpreted as the Curie point of the 7EE~ phases and of 
the 6-ferrite; the second decrease of the magnetic 
intensity, which is also reversible, corresponds to the 
Curie points of the martensites of different com- 
positions such as MED~, and ME. 

3.2. TEM results 
Examinations of the PH 17.4 Me steels under TEM 
and for the three states (as-quenched, as-tempered and 
as-received) have been made at 20 ° C. 

3.2. 1. As-quenched state 
The microstructure consists only of  two phases: a lath 
martensitic matrix containing a high density of  inter- 
nal dislocations. The laths either show between them 
a very slight desorientation and form packets, or they 
are twin-related. They exhibit a variable size: indeed 
the largest dimension can vary from 40 to 0.5 #m. Very 
rarely, thin microtwins are identified inside the laths of  
martensite, and a 5-ferrite with a dislocation density 
which is less than that observed in the lath martensite. 

3.2.2. A s - t e m p e r e d  state 
Various isochronal and isothermal tempering treat- 
ments have been carried out on samples in the as- 
quenched state. Precipitates of different natures such 
as carbides, o- phase and Laves phase have been 
revealed either in the martensitic matrix or in the 
6-ferrite as a function of the tempering parameters (Tt 
and t,). Furthermore, a partial transformation of the 
martensite into austenite as well as precipitation into 
the 7 phase was also observed. 

3.2.3. Precipitation of carbides 
The isochronal treatments were performed for 70 h at 
temperatures lower (520-550 575-600 ° C) or higher 
(650-700-750-800  850-900-950°C)  than the Aca 
point (620 ° C). First, no carbide precipitation of the 
M23 C6 type was observed after the different tempering 
treatments carried out at Tt < 550 ° C. When Tt reaches 

570 ° C, a few M 2 3 C  6 carbides with a very small size 
(S ~- 20nm) are visible as can be seen in Figs 3a 
and b. In order to increase the volume fraction and in 
particular the size of these carbides, it is necessary to 
temper the material at a temperature significantly 
higher than the Acd point, ranging from 700 to 850 ° C 
(see for example Figs 4a and b: the mean size, S, of the 
M23C6 carbides then reaches about 200 nm). They are 
localized generally at the boundaries of  the laths of 
martensite which is not yet transformed into austenite. 

The isothermal treatments were carried out at 
570 ° C. This particular temperature was chosen because 
it corresponds to the industrial tempering range (as- 
received state): 

(i) after a tempering time of 5 h, only rare and very 
small M23C 6 carbides are formed inside the laths of 
martensite and/or at their boundaries; 

(ii) when t t is equal to 25h, the M 2 3 C  6 carbides 
present a larger size and are mainly located at the lath 
boundaries (Fig. 5a); 

(iii) for tt > 25 h, the precipitation of M23 C 6 becomes 
more important; these carbides are located at the lath 
martensite boundaries (and/or at the martensi te-  
austenite interfaces) (Fig. 5b). Indeed, for such iso- 
thermal ageing conditions, reversed austenite is already 
formed at a temperature lower than that of  the Acd 
point (620 ° C) determined in dynamic conditions for 
~f'h = 3 0 0  (o C )  h - ' .  

(iv) When t increases and reaches 1000h, M 2 3 C  6 

carbide also precipitates inside the 5-ferrite (Fig. 5d). 

3.2.4. Precipitation of the Laves phase 
The precipitation was followed during the isothermal 
tempering treatment carried out at 570°C on the as- 
quenched sample, and has been observed for relatively 
long tempering durations (~_ 1000 h). The Fe2 Me pre- 
cipitates, which are rare, either 

(i) have a globular shape and are situated in the 
martensitic matrix (see A in Fig. 6a) and/or inside the 

2 2 ~  242[ 
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Figure 3 Microstructure of the as-quenched sample, 
tempered 70 h at 570 ° C. (a) Bright field showing the 
M23C 6 carbides; (b) dark field on the same area 
obtained from a reflection spot of the M23C 6 car-  

bide; (c) diffraction pattern obtained on the circled 
area, with a ( 1 T 1 )M23 % zone axis; (d) key to (c) (O) 
~, (x) M23C 6 (reflections underlined). 
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Figure 4 Microstructure of the as-quenched sample, 
tempered 70 b at 700 ° C. (a) Bright field showing the 
growth of M23C 6 carbides; (b) dark field on the 
same area obtained from a reflection spot of the 
M2~C 6 carbide. 

&-ferrite; or 
(ii) are elongated in shape (see B in Figs 6a and b) 

and are situated at the interfaces of the laths of mar- 
tensite or at the martensite/6-ferrite interface. 

It can be noted that the diffraction patterns obtained 
from the Fe2Mo precipitates exhibit streaking 
through certain diffraction spots (Fig. 6c), which is 
due to the polytypism presented by these intermetallic 
compounds as described by Allen et al. [9]. In fact in 
the dark field shown in Fig. 6b there can be noticed the 
existence of small faulted domains, the larger dimen- 
sions of which are perpendicular to the streaks seen in 
the diffraction pattern shown in Fig. 6c. 

3.2.5.  Fo rma t ion  o f  a p h a s e  
For isochronal treatments of 70 h, we have shown that 
it was necessary to use a relatively high temperature 
(850 ° C) in order to promote the formation of the 
phase. As shown in Fig. 7, the a phase particles, which 
are mainly located between packets of laths, reach an 
important size for this duration of thermal treatment, 
and their shape is rather irregular. When the tempera- 
ture is increased up to 950 ° C, the a phase dissolves. 

3.2.6. Formation of reversed austenite 
The respective evolutions of the X-ray diffraction 
peaks of  the reversed austenite and martensite for 
isothermal treatments carried out at 520 and 570°C 
are shown in Fig. 8. It will be noted that the {1 1 1} 

reflection of austenite only appears when Tt reaches 
570°C and tt is longer than 10 h. 

The change in the morphology and the amount of 
the reversed austenite retained at room temperature 
are shown in Fig. 9 for T~ = 570 ° C. After 70 h, the 7 
phase appears to be largely situated at the boundaries 
of the laths of  martensite (Fig. 9a); for tt -- 280 h, the 
volume fraction of the 7 phase is -~ 4% and further- 
more its distribution in the thin foils of the tempered 
sample is heterogeneous, as it can be seen in Fig. 9b. 
In fact, in this figure it can be noted that the volume 
fraction of the 7 phase is greater than the average 
volume fraction of  the 7 phase. The reversed austenite 
formed during the tempering treatment and retained 
until 20°C or below is related to its additional ele- 
ments (Ni + Mo) content [6]. After tempering of 
1000 h, a significant grain growth takes place in the 7 
phase as shown in Fig. 9c. 

3.3. Hardness measurements 
Changes in hardness were followed in the as-quenched 
samples aged for two hours at different temperatures 
ranging from 20 to 600° C. As revealed in Fig. 10, up 
to 300 ° C the hardness is very slightly decreasing: this 
fact can be related to the softening of the martensitic 
matrix due to both the elimination of internal stress 
and the decrease in the dislocation density. On the 
other hand, when the tempering is carried out at 
higher temperatures the hardness is slightly increasing 
(~- 30 DPH units) and then exhibits a maximum when 
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Figure 5 Microstructure of the as-quenched sample, 
tempered at 570°C during duration t equal to (a) 
25, (b) 280 and (c, d) 1000h. Bright fields showing 
the Mz3 C 6 carbides located at lath boundaries (a, b, 
c) and in the &-ferrite (d). 



Figure 6 (a, b) Bright and dark fields showing the 
Fe2Mo precipitates; (c) diffraction pattern with a 
zone axis (1 1 4)w2M o I] (1 1 0)r~rrit~; (d) key to (c): 
(e)  6-ferrite, (O) Fe2Mo. 

22~o2 
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/ / < 1 1 o >  . 
(d) re~ Mo 6 ferrice 

T -~ 400 ° C. This secondary hardening peak with a 
small amplitude can be related to the precipitation of 
very tiny Mo2C carbides. It has been shown by 
Honeycombe and Seal [10] and Smith and Nutting [11] 
that an incubation time is observed, preceding the 
formation of this type of carbide and longer as T~ was 
higher. 

For tempering temperatures higher than 400 to 
450 ° C, the alloy softens; this over-ageing is able to 
provoke a decrease of about 100 in the DPH value. 

3.3. 1. As-received state 
In this state, three phases are simultaneously shown by 
TEM experiments: lath martensite, 5-ferrite (with a 
volume fraction of ---21% determined from optical 
micrographs) and reversed austenite (with a volume 
fraction ~< 3%). In fact, by X-ray diffraction analysis 
it is not possible to distinguish the diffraction peaks of 
the two b c c phases (martensite and 5-ferrite) due to 

the very small difference between their respective 
cristalline parameters. Furthermore, the presence of 
mainly globular and of variable-size M23C6 were 
observed (Figs 1 la and b); they are mainly located at 
the lath martensite boundaries. It is at the marten- 
site-6-ferrite interfaces that the biggest M23C6 pre- 
cipitates have been seen. Moreover, M23C6 carbide 
precipitates have been detected inside the reversed 
austenite or at the austenite-martensite interfaces, as 
shown in Figs 12a and b. We have found the orien- 
tation relationship discussed by Lewis and Hattersley 
[12] between the reversed austenite and the M23C 6 

precipitate: 

{100}.~11{100}M23c6 and (00 l),/l[ (00 1)M23% 

The reversed austenite is formed from the martensite 
with the classical orientation relationship of Kurd- 
jumov and Sachs [13]. 

O" 

(c) 

2°M 

060 - " ) t ' o M  

Figure 7 (a) Bright field showing the ~ phase; (b) diffraction pattern with a zone axis (0 i 3)~ 11 (0 0 I)M; (c) key to (b). 
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Figure 8 X-ray diffraction patterns showing the evolution of  the 
reversed austenite. 

{1 1 1}~.ll{1 10}M and (1 i 0),11<1 i 1)M23c6 

It has been concluded that the duration of  the indus- 
trial tempering was approximately equal to ten hours, 
due to the presence of a small amount both of  the 7 
phase and M 2 3 C  6 carbides in the as-received state. 
We may also mention that some globular MTC 3 ca r -  

bides were observed inside the laths of martensite, or 
at the martensite-f-ferri te interfaces (Figs l lc, d 
and e). Their size is noticeably bigger than that of  the 
M23C 6 carbides. They have probably been formed 
during the solidification process of the alloy since in 
the as-quenched samples tempered later on; their 
formation was detected only after t t /> 70h at 
T t = 570 °C. 

4. Conclusions 
Tempering carried out on PH 17.4 Mo steel causes 
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Figure 10 Hardness changes for isochronal ageing duration of  2h  as 
a function of  increasing temperature; samples initially in the as- 
quenched state. 

structural evolution in the martensite as well as in the 
6-ferrite (the volume fraction of  & phase is ~- 18% in 
the as-quenched state and -~21% in the as-received 
state). However, in these two phases the precipitation 
is very different in type, in the T~ temperature range 
and in the tempering time (tt) required. According to 
the values of these parameters, Tt and t~, we have 
observed the formation and growth of different types 
of phase, such as the following: 

1. Carbides of various natures: 

(i) M o z C  , in the temperature range 350 to 500 ° C. 
The presence of these very small carbides only gives a 
secondary hardening peak, with a small amplitude; 
the corresponding increase is in fact limited to about 
30 DPH units. 

(ii) M23 C6 in the temperature range 550 to 900 ° C, 
both in the martensite and in the 6-ferrite. 

(iii) M 7 C  3 for Tt > 570°C and t > 70h. 

2. Intermetallic compound Fe2Mo, in the tem- 
perature range 500 to 650°C and for long tempering 
durations• The formation of ~ phase was also detected 
for temperatures much higher than the Acd point 

Figure 9 Dark-field electron micrographs showing the evolution of reversed austenite at 570 ° C for increasing tempering duration: (a) 70 h, 
(b) 280 h, (c) 1000 h. 
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(e) <132~!a7C3 

Figure 11 Microstructure of the as-received state. (a, b) Bright fields showing the M23C 6 carbides at the boundaries of the laths; (c) bright 
fields showing a coarse M7C 3 carbide situated at the martensite-6-ferrite interface; (d) diffraction pattern with a {i 32)M7C 3 zone axis; (e) 
key to (d). 

tempera tures  equal  or  super ior  to 850 ° C); this phase is 
no longer stable when the tempera ture  becomes higher 

than 950 ° C and turns into the austenit ic  solid solution. 

3. Reversed  aus teni te  for  Tt ~> 570 ° C. 

I t  can therefore  be conc luded  tha t  dur ing  the indus-  
tr ial  use o f  P H  17.4 M o  steel in s team genera tors  
be low 550 ° C, the p rec ip i ta t ion  o f  M23 C 6 carb ides  and  
of  F e z M o  in termeta l l ic  c o m p o u n d  occurs  ei ther  in the 

laths o f  martensi te ,  in the 5-ferri te or  at  their  interface.  
However  the vo lume f rac t ion  o f  carb ides  which pre- 
c ipi ta tes  is low a l though  higher  than  the vo lume o f  
o ther  precipi ta tes .  

In  the future,  it will be o f  interest  to character ize  the 
influence o f  the s t ruc tura l  evolut ions  descr ibed in the 
above  sections on the mechanica l  p roper t ies  o f  the 
steel, especial ly on the creep behaviour .  In  par t icu lar ,  
it will be i m p o r t a n t  to de te rmine  the influence o f  the 

(d) 

°200]( 220.1( 

" " ~ 4 "  • 

<oo l)y//~oo1> M 2 3c6 

f,oo}, c//{,oo)..c, 

Figure 12 (a) Bright field showing the Mz3 C 6 car- 
bides inside the austenite and at the austenite- 
martensite interface; (b) dark field on the same area 
(c) diffraction pattern with a zone axis {00 I)7[l 
(00 1)M23C6 ; (d) key to (c): (e) 7, (x) M, M23C 6 
reflections underlined. 
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slow depletion of molybdenum from the matrix which 
occurs for long tempering durations. 
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