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Abstract Fracture of cold work tool steels takes place in two stages. First, microc-
racks are initiated at stress concentration spots like non-metallic inclusions,
individual carbides and carbide clusters or (if they are present) at voids. This
takes place either upon loading with stresses below the macroscopic yield or
rupture strength of the material or during quenching after austenitizing. In
the second stage coalescence and growth of these microcracks are observed.
In this work several cold work tool steels were investigatedwith respect to
their resistance against crack propagation, if a very sharpprecrack is present.
For this purpose plane strain fracture toughness tests werecarried out. The
resistance against crack propagation is governed mainly bythe geometrical
characteristics of the primary carbides (estimated in sections parallel to the
fracture plane of the fractured specimens) and the mechanical properties of
the constituents. Carbides are much harder than the martensitic matrix and
therefore deformation is concentrated in the matrix and is impeded by the car-
bides. Hence, the plastic properties of the matrix are of special interest. The
influence of carbides take on matrix plasticity and consequently on fracture
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toughness depends mainly on their size, size distribution,volume fraction
and spatial distribution.

Keywords: Cold work tool steels, fracture toughness, carbide distribution, ultra-micro
indentation

INTRODUCTION

In addition to the main requirements, like high strength andwear re-
sistance, tool steels should also possess sufficient toughness to avoid tool
failure by cracking or chipping. These failure mechanisms are controlled
by the propagation of intrinsic microcracks. The resistance of the mate-
rial against growth of an existing crack can be measured conveniently by
plane strain fracture toughness tests. Contrary to the bending rupture test,
which takes into account both crack initiation and crack growth, plane strain
fracture toughness tests only consider the latter. Crack growth is governed
mainly by the content, size and distribution of the primary carbides and
the mechanical properties of the matrix. The content of primary carbides
is determined by the amount of carbon and carbide forming elements like
chromium, molybdenum, vanadium, tungsten and niobium. These elements
improve wear resistance and hardness of the material but impair toughness,
because of their strong tendency to segregate during solidification. The pro-
duction of high speed and cold work tool steels via the powdermetallurgical
(PM) route [1, 2, 3] provides the possibility to use higher contents of car-
bide forming elements, because segregation is suppressed due to a very high
solidification rate (104 to 106 Ks−1) during the atomization process. The
resulting homogeneous microstructure consists of a martensitic matrix with
embedded globular and evenly distributed primary carbideswith a size in
the µm range. Although the microstructure is rather homogeneousthere
are, depending on the composition, carbide types, production parameters
and austenitizing temperature, differences in the size andthe distribution
of the carbides. The influence of these parameters on fracture toughness is
investigated here by comparing different steels with a similar total amount of
primary carbides. The mechanical properties of the matrix are characterized
by "Ultra-Micro" hardness tests (UMHT) and by tensile tests, assuming that
plastic deformation will start in the softer matrix and thatthe yield strength
of the matrix is the yield strength of the compound. The coherent secondary
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carbides (≈ nm) precipitated during tempering are treated as a part of the
matrix.

EXPERIMENTAL

Four alloys were produced via the PM route. Table 1 shows their chemical
composition and the primary carbides present. In addition to the elements
listed the steels contain vanadium between 2 and 4 %. All foursteels possess
a carbide volume fraction between 11.1 and 13.1 %. The heat treatment
performed consists of austenitizing in the two or multi phase region austenite
(γ) and carbide(s), followed by quenching and three times tempering to a
final hardness of about 60 HRC. The whole treatment was done inliquid salt
bath furnaces, because of the excellent heat transfer and the uniformity of
temperature in the melt.

Table 1. Chemical composition in wt.% and carbide types of the materials investigated.
M denotes carbide forming elements other than Nb

Steel C Si Mn Cr Mo W Nb Carbides

I 1.8 0.8 0.4 8 3 — 3 MC,NbC,M7C3

II 1.8 1.0 0.4 8 2 — 3 MC,NbC,M7C3

III 1.9 0.7 0.4 7 3 — 3 MC,NbC,M7C3

IV 1.1 0.2 0.2 4 8 0.3 0.1 MC,M6C

Using a scanning electron microscope (SEM) and two types of image
generation, the secondary-electron (SE) or the backscattered-electron (BE)
mode [4], the carbides (MC, M7C3, M6C) and the matrix could be differenti-
ated (Fig. 1). Both modes can be used without prior etching ofthe specimen
surface. The carbides vary strongly in composition, which is true especially
for the monocarbide MC sometimes being rich in niobium (NbC)and ap-
pearing white (Steels I, II and III in Fig. 1 (a), (b), (d)) or rich in vanadium
then appearing dark gray (Steels I, II, III and IV in Fig. 1 (a), (c), (e), (f)).
This varying composition causes difficulties in distinguishing between MC
and M7C3 carbides.

Quantitative microstructure analysis was performed on sections paral-
lel to the fracture surface of single edge notched 3-point bending (SENB)
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(a) Steel I - BE (b) Steel II - BE (c) Steel II - SE

(d) Steel III - BE (e) Steel III - SE (f) Steel IV - BE

Figure 1. Scanning electron micrographs of the microstructure of thematerials investi-
gated. BE = backscattered electron mode, SE = secondary electron mode.

specimens. These specimens of dimensions12 × 6 × 60 (W×B×L, all in
mm) were taken from hot rolled bars (∅ = 32 mm and 43 mm) and were sub-
jected to the measurement of the plane strain fracture toughness according
to ASTM E399-90 [5]. The precrack consisted of a milled notch, deep-
ened by electroerosive machining and a fatigue crack of about ≈100µm
length, which was introduced by compressive cyclic loading(Fig. 2 (a)).
Then the precracked specimens were loaded to failure (Fig. 2(b)). Since
the load-displacement curves did not show any signs of plastic deformation
(Fig. 2 (c)), the maximum loadPQ could be used to calculate the valueKQ,
which corresponds toKIC, if some validity requirements are fulfilled [5].
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To ensure plane strain conditions the dimensions of the specimen have to
be taken sufficiently large and the crack tip plastic region must be small
compared to both the crack length and the specimen dimensions.
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Figure 2. Plane strain fracture toughness testing.

The yield strengthσYS was estimated from uniaxial tensile tests and al-
lows, together withKIC, to calculate the size of the plastic zone in front of
the crack tip,rP, from [6, 7, 8, 9]:

rP =
1

6π

(

KIC

σYS

)2

(1)

Although our materials are very hard, all four steels show noticeable plastic
deformation in the tensile tests. The in-situ hardness of the matrix material
is characterized by indentation tests with an "Ultra-Micro" indenter mounted
in a scanning electron microscope. Using always the same indentation force
(19.9 mN) and the same indentation time (15 s) makes possibleto compare
the hardness of the matrices of the four steels by comparing the length of
the indentation diagonals. From these tests the relative matrix hardness
is characterized by the valuedmin/d (Table 2), wheredmin is the smallest
indentation diagonal observed in the steel with the hardestmatrix (steel I).
Hence, the higher the valuedmin/d, the harder is the in-situ hardness of the
matrix.
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RESULTS AND DISCUSSION

Figure 3 (a) shows the size distribution of all particles (primary carbides
andnon-metallic inclusions, NMI) present in the steels. The measuredvalues
are approximated by logarithmic normal distributions. Forthe sake of clarity
the measured values are only displayed in (Fig. 3 (b)) by symbols, where for
steel III carbides and non-metallic inclusions are separated. M7C3 and MC
are treated as one particle type due to the difficulties to distinguish them
properly with the image analysis system. For macroscopic properties like
hardness, fracture toughness or tensile strength the type of carbide is not
so important, since irrespective of their chemical composition carbides are
always much harder than the matrix and are not deformed plastically.

Particles of type M7C3, which appear light gray (Fig. 1 (e)), are larger than
MC (dark gray). Their number is low with a size of at least 1µm. In Table 2
the mechanical properties and the microstructural parameters are listed. The
total volume fraction of particles (carbides and NMI) varies not very much,
compared to carbide contents of commercial PM tool steels between 5 and
30 %.

Table 2. Rockwell hardness, plane strain fracture toughness, volume fraction of particles
(carbides and NMI), mean particle diameter, mean interparticle spacingλ [10], size of the
plastic zonerp, differenceλ − rp and relative hardness of the martensitic matrixdmin/d of
the investigated steels.

Steels I II III IV

Hardness [HRC] 59.8 59.4 59.2 60.4
KIC [MPa

√
m ] 17.7 16.4 14.9 18.7

volume fraction of particles [%] 11.1 12.0 12.7 13.1
mean particle diameter [µm] 0.51 0.45 0.46 0.74
λ [µm] 4.08 3.32 3.31 4.91
rp [µm] 2.74 2.56 2.11 3.14
λ - rp [µm] 1.34 0.76 1.20 1.77
dmin/d 1 0.94 0.96 0.87

Steel IV shows the highest fracture toughness (Table 2) eventhough it pos-
sesses the highest macrohardness and the largest mean particle size. While
an increase of these properties is usually associated with areduction in tough-



Carbide Distribution Effects in Cold Work Tool Steels 295

(a) Particle size distribution of the investigated steels.
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(b) Size distribution of the particle types in steel III. Thesymbols represent
measured values.

Figure 3. Particle size distributions approximated by the logarithmic normal distribution.

ness, one has to keep in mind that this steel possesses the softest matrix and
the largest interparticle spacing, which both increase toughness. Analyzing
the fracture surfaces of the tensile specimens shows that even the largest
single carbide is not large enough to act as a critical flaw, and hence carbide
clusters, non-metallic inclusions, voids or impurities act as crack initiating
flaws. Increasing the size of the particles rather improves the resistance
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against crack growth in the investigated steels since for a given carbide con-
tent larger particles result in larger distances between the carbides.

Hard inclusions and the inclusion/matrix interface possess a lower resis-
tance against crack propagation than the martensitic matrix, which dissipates
a part of the energy released during fracture by plastic deformation. How-
ever, a crack can interact with a carbide only, if the carbideis within the
plastic zone around the crack tip [11]. Antretter et al. [12]investigated an
arrangement of two brittle inclusions in a ductile matrix bymeans of finite
element calculations and found that in the case of two undamaged particles
small interparticle distances reduce the risk of particle failure due to stress
relaxation on either side of the particles. If, however, oneof the particles
is already broken, the stress concentration around the crack tip increases
the stress inside the other inclusion as the crack approaches the interface
between the matrix and this second particle. Therefore, a large distance
between the particles decreases the sensitivity to failure, so increasingKIC.
The interaction of a crack and the nearest carbide in the direction of crack
growth depends mainly on the distance between the carbides and the defor-
mation behaviour of the matrix [13]. Figure 4 shows the fracture toughness
as a function of the mean interparticle distance. Even though the graph stip-
ulates thatKIC should always be large ifλ increases, one has to keep in
mind also the deformation properties of the matrix. These can be estimated
roughly by calculating the size of the plastic zone,rp, in front of the crack
tip (Equation 1). Within the experimental scatter one can conclude that a
large difference between the mean interparticle spacing and the calculated
size of the plastic zone (λ − rp) seems to be beneficial for the plane strain
fracture toughness of this high strength material class (Table 2).

Ultra-micro hardness and the yield strength both describe the plastic de-
formation behaviour of the matrix. While the yield strength, estimated
in uniaxial tensile tests, characterizes the onset of plastic deformation in
the compound matrix/primary carbide and is almost the same in all four
steels (σYS = 2400± 50 MPa), ultra-micro hardness is a quantity character-
izing the flow behaviour of the matrix and shows distinct differences. This
can be explained by the different tempering states of the matrices. For the
same macroscopic hardness the special composition of the steels, and con-
sequently tempering behaviour, results in different amounts and sizes of the
secondary carbides, which affect the plastic deformation behaviour of the
matrix (martensite + secondary carbides). The second reason is the different
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Figure 4. Plane strain fracture toughnessKIC vs. mean interparticle spacingλ.

primary carbide spacing. Assuming that the dimension of thestressed vol-
ume affected by the ultra-micro indentation is at least several µm, then this
volume will most probably interact with one or more primary carbides. The
contribution of the primary carbides to this hardness measure is the stronger
the smaller the interparticle spacing is.

The results presented clearly show that cold work tool steels produced via
the PM route possess distinctly different fracture toughnessKIC even though
the steels investigated contain roughly the same particle volume fraction
and are adjusted to the same macroscopic hardness. A fine distribution is
desirable in order to delay crack initiation, but small interparticle distances
decrease the resistance of the material against crack propagation. Hence,
KIC is closely related to the mean interparticle spacingλ and the size of the
plastic zonerp and, therefore, to the yield strength of the martensitic matrix.
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