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Abstract

Relevant microstructural characteristics ensuring a good mechanical strengthening up to 600 ◦C of a tempered martensitic steel containing 
5% Cr (AISI H11) were investigated using transmission electron microscopy, energy-dispersive X-ray analysis, X-ray diffraction and extraction 
of carbides. Softening induced by tempering and cyclic loading is related to a strong reduction of the dislocation density estimated by X-ray 
peak profile analysis (modified Williamson Hall and modified Warren Averbach analysis). Moreover, the coalescence of chromium and 
vanadium carbides is involved in the yield strength decrease above 600 ◦C and during cyclic loading.
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1. Introduction

Steels containing 5% Cr (AISI H11) were particularly de-
veloped for high temperature metal forming operations as
pressure die casting for light alloys injection, forging dies,
etc. [1]. Mechanical properties of such martensitic steels
are strongly connected to their complex microstructure ob-
tained after heat treatment that are generally performed in
order to achieve a good hardness and/or tensile strength
with sufficient ductility. However, as fatigue is one of the
important causes of tool steel damage, it is of great im-
portance to clearly understand the microstructural mecha-
nisms controlling fatigue properties. Nevertheless, probably
due to experimental difficulties, microstructural parameters
(such as carbides at a nanometric scale and dislocations)
giving suitable tensile and fatigue properties are never fully
investigated. Notably, martensitic or bainitic steels have a
typical fatigue behaviour as these steels present a strong
softening till rupture (of about 25% of the stress ampli-
tude measured during the first cycle for the AISI H11 steel,
see Fig. 1 [2]).
The aim of the present work is to perform quantitative

measurements of relevant microstructural parameters con-
trolling the tempering and cyclic softening.
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2. Experimental

The composition of the modified (low silicon) AISI H11
steel is shown in Table 1 and Table 2 shows the parameters
of heat treatment and fatigue tests for all analysed speci-
mens. Heat treatment includes austenitizing at 980 ◦C for
1 h followed by air cooling, first tempering at 550 ◦C for 2 h,
second tempering for 2 h between 580 and 640 ◦C depend-
ing on the required hardness.
The microstructure of the steel was investigated by trans-

mission electron microscopy (TEM) and energy-dispersive
X-ray analysis (EDX). Selected area diffraction and EDX
have been performed in order to determine crystal structure
and chemical composition of the carbides extracted from the
martensitic matrix. The distribution of carbide size is sta-
tistically approached from the analysis of TEM photos for
nearly 300 particles per specimen.
In order to evaluate the weight fraction of carbides, car-

bides were extracted from the matrix by an electrolytic
method described in Ref. [3]. Crystallographic structure and
chemical composition analysis were performed using X-ray
diffraction (XRD). XRD experiments on the bulky mate-
rial were also performed with peak profiles measurements
in order to evaluate dislocation densities using the modified
Williamson–Hall and the modified Warren–Averbach anal-
ysis [4–6].
Total strain controlled fatigue tests were carried out on a

servohydraulic testing machine equipped with a resistance



Table 1
Chemical composition (wt.%) of the modified AISI H11 steel

C Cr Mo V Si Mn P Sn Sb

Weight percent 0.36 5.06 1.25 0.49 0.35 0.36 0.006 0.0022 0.0005
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Fig. 1. Evolution of stress amplitude with the number of cycles for the
AISI H11 steel.

Table 2
Conditions of heat treatment and fatigue testing of the various samples

Sample Heat treatment conditions Fatigue test/softening amplitude

A1 Annealed –
A2 As air quenched –
A3 Tempered 550 ◦C –
A4 Tempered 550 ◦C + 580 ◦C –
A5 Tempered 550 ◦C + 600 ◦C –
A6 Tempered 550 ◦C + 620 ◦C –
A7 Tempered 550 ◦C + 640 ◦C –
A8 Tempered 550 ◦C + 620 ◦C !εt = 1.5% at 550 ◦C/230MPa
A9 Tempered 550 ◦C + 620 ◦C !εt = 2.0% at 550 ◦C/250MPa

furnace. The axial strain was controlled with a 10-mm gauge
length extensometer. The waveform of the cycle was trian-
gular at a frequency of 1Hz, the mean strain being zero.
Tests were performed at 550 ◦C with a total strain amplitude
of 1.5% or 2%.

3. Results and discussion

3.1. Dislocation structure and density

3.1.1. Transmission electron microscopy
Low magnification bright-field transmission electron im-

age of sample A4 is shown in Fig. 2. Laths are clearly sepa-
rated by elongated iron carbides. In addition, observations of
thin foils show a high density of intralath entangled disloca-
tions even for high tempering temperatures. Consequently,
the identification of individual dislocations (Burgers vector

and glide plane) and density evaluation is very difficult using
the classical TEM technique. Prior to fatigue testing, dislo-
cation distribution is quite homogeneous on the whole even
if, at a nanometric scale, a high density of dislocations was
observed both near lath boundaries and carbides. To qual-
itatively compare dislocation structures obtained at differ-
ent tempering temperatures, observations were performed in
the same crystallographic orientation conditions g⃗ = [1̄ 1 0].
The recovery of the microstructure is shown by the clear
decrease of the dislocation density as the second tempering
temperature increases. This effect is strongly increased by
the application of a cyclic strain (see Fig. 3).

3.1.2. X-ray diffraction; peak profile analysis
Coherently diffracting domains (CDD) and density of dis-

locations were evaluated using the theory and procedures
introduced by Ungár et al. [4,5,7–9]. Examples of conven-
tional and modified Williamson–Hall plots are presented in
Refs. [6,10]. The influence of the tempering temperature on
CDD and density of dislocations are shown in Fig. 4. The
highest density is measured for the as quenched sample (A2)
in agreement with TEM observations. An increase of the
second tempering temperature results in a strong decrease of
the density of dislocations also in agreement with TEM ob-
servations described in Section 3.1.1. Density decreases by
a factor 20, between the as quenched sample and the speci-
men tempered at 640 ◦C (A7). As dislocations contribute to
limit the CDD size, the annihilation of dislocations results
in an increase of CDD average size. As the consequence,
the CDD size drastically increases with the temperature of
the second tempering.

Fig. 2. Bright-field TEM image of the dislocation structure for the sample
A4.



Fig. 3. Bright-field TEM images of the dislocation structure, g⃗ = [1̄ 1 0].
(a) Before a fatigue test, sample A6, (b) after a fatigue test, sample A9
(!εt = 2.0%).

The influence of fatigue loading is also shown in Fig. 4
for a specimen tempered at 620 ◦C (A6). After the fatigue
test (A9), a decrease of the density of dislocations is ob-
served. Conversely, no significant variation of CDD size oc-
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Fig. 4. Influences of tempering temperature and fatigue on the average
size of CDD and the density of dislocations.

curs. Note that the density of dislocations after fatigue is
however higher than that estimated for the sample A7. This
latter result seems to be inconsistent with TEM observa-
tions. TEM observations led to the conclusion that the fa-
tigue effect seems to be qualitatively stronger than the effect
of an increase of the tempering temperature. Indeed, fatigue
loading induces a new arrangement of dislocations increas-
ing the heterogeneity inside martensitic laths rather than a
strong decrease of the density of dislocations.

3.2. Precipitation and coarsening of carbides

3.2.1. Origin and sequence of the precipitation
For all tempering conditions, four types of carbides were

identified depending on their morphology [6,10]:

(i) facetted carbides: hexagonal Cr Fe carbides (M7C3
type),

(ii) large globular carbides (100–300 nm): face-centred cu-
bic Cr Fe carbides (M23C6 type),

(iii) elongated carbides: orthorhombic Fe Cr carbides (M3C
type),

(iv) small globular carbides (<40 nm): face-centred cubic
V carbides (MC type).

XRD complementary results allow to determine the se-
quence of precipitation. The annealed steel contains M2C
(M: Mo mainly), M3C (M: Fe mainly), M23C6 (M: Fe and
Cr mainly) and a small ratio of MC (M: V mainly). Af-
ter quenching, only the vanadium carbide (MC) and small
quantities of M3C and M23C6, probably not dissolved dur-
ing the austenitization, were found. After the first and the
second tempering, X-ray analysis has shown the presence
of MC, M3C, M7C3, and traces of M23C6 carbides.
The TEM characterization of carbides before and after

tempering confirms the precipitation of MC, M3C and M7C3
carbides during tempering. Therefore, MC and M7C3 are
unambiguously the main carbides involved in the occurrence
of the secondary hardening peak.

3.2.2. Influences of tempering temperature and fatigue
loading on the precipitation and coalescence of carbides
The total weight fraction of carbides fm is the ratio be-

tween the mass of carbides collected after the dissolution and
the initial mass of the sample. Results are shown in Fig. 5.
An increase of the weight fraction of carbides is observed

for tempering temperatures above the secondary strengthen-
ing peak around 550 ◦C. Above 600 ◦C, the weight fraction
levels off to a value of about 5.5%, very close to the maxi-
mum fraction calculated assuming that the whole carbon or
alloying element has precipitated. Therefore, the saturation
of fm can be explained by the absence of remaining carbon
in solid solution and a stable distribution of carbon within
the various carbides above 600 ◦C. In addition, the weight
fraction is not influenced by a fatigue loading as indicated
by the data for specimens A8 and A9 very similar to those
of specimen A6.
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Two different populations of secondary carbides were
identified after tempering:

(i) small carbides with an average size close to 6 nm. This
first population is found for all tempering conditions
and includes both chromium and vanadium carbides;

(ii) carbides with an average size in the range 30–40 nm,
only found for second tempering temperatures above
600 ◦C.

Evolution of the average size of carbides, including the
two populations, is shown in Fig. 6. As both populations have
nearly a constant average size for all the tempering condi-
tions [6], the coarsening of carbides mainly results from the
increased amount of the second population observed above
600 ◦C. As the weight and volume fraction remain constant,
the softening observed during tempering is partly due to a
mechanism of coalescence.
As shown in Fig. 6, the average size of carbides increases

by nearly a factor two under the effect of isothermal fatigue
performed at 550 ◦C (the temperature assumed to be reached
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Fig. 6. Influences of tempering temperature and fatigue loading on the
average size of secondary carbides.

near the surface of the tool for high pressure die casting op-
erations). As no coarsening of carbides was observed during
a second tempering at 580 ◦C (A3) as compared to a sin-
gle tempering at 550 ◦C (A2) and because the duration of a
fatigue test is shorter than a second tempering, it can obvi-
ously concluded that coalescence is only induced by fatigue.
The driving force for the dynamic coalescence of carbides
is probably the mechanical energy that complements the
thermal energy not sufficient to provide coalescence alone.
Such a mechanism of dynamic aging coalescence has been
already observed in studies of the effect of cyclic strain in
tempered martensitic steels [11,12].

4. Conclusion

The decrease of the density of dislocations and the coa-
lescence of secondary carbides are both involved in the de-
crease of the yield stress during tempering and fatigue.
Concerning the softening during tempering, the situation

is summarised as follows:

• Between 550 and 600 ◦C, the precipitation is not fully
completed as the distribution of carbon within the various
precipitates is not stable or the transition from iron car-
bides to special carbides still occurs. An increase of the
total weight fraction of carbides is observed that may re-
sults in an increase of the yield stress as no coalescence
is observed. Nevertheless, the reduction of the density of
dislocations as well as the reduction of the alloying el-
ements content in the solid solution, lowering the solid
solution hardening, induce a global softening of the tem-
pered martensite.

• Above 600 ◦C, both the coalescence of carbides and the
decrease of the density of dislocations induce further soft-
ening of the material.
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