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Abstract Fracture of cold work tool steels takes place in two stagesst,Fnicroc-
racks are initiated at stress concentration spots likemetallic inclusions,
individual carbides and carbide clusters or (if they areseng) at voids. This
takes place either upon loading with stresses below theaseapic yield or
rupture strength of the material or during quenching aftestenitizing. In
the second stage coalescence and growth of these micre@exkbserved.
In this work several cold work tool steels were investigatéth respect to
their resistance against crack propagation, if a very shia@grack is present.
For this purpose plane strain fracture toughness tests veeried out. The
resistance against crack propagation is governed maintiidogeometrical
characteristics of the primary carbides (estimated ini@estparallel to the
fracture plane of the fractured specimens) and the mechgmioperties of
the constituents. Carbides are much harder than the miitenatrix and
therefore deformation is concentrated in the matrix anahfseided by the car-
bides. Hence, the plastic properties of the matrix are afigpmterest. The
influence of carbides take on matrix plasticity and consetiy@n fracture
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toughness depends mainly on their size, size distributiolume fraction
and spatial distribution.

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

INTRODUCTION

In addition to the main requirements, like high strength arehr re-
sistance, tool steels should also possess sufficient tesgho avoid tool
failure by cracking or chipping. These failure mechanismes controlled
by the propagation of intrinsic microcracks. The resistant the mate-
rial against growth of an existing crack can be measuredesvently by
plane strain fracture toughness tests. Contrary to theibgmdpture test,
which takes into account both crack initiation and crackigho plane strain
fracture toughness tests only consider the latter. Craoktyris governed
mainly by the content, size and distribution of the primaaybides and
the mechanical properties of the matrix. The content of arintarbides
is determined by the amount of carbon and carbide formingetes like
chromium, molybdenum, vanadium, tungsten and niobium s&leéements
improve wear resistance and hardness of the material batiingughness,
because of their strong tendency to segregate during fscdition. The pro-
duction of high speed and cold work tool steels via the powaktallurgical
(PM) route [1, 2, 3] provides the possibility to use highentemts of car-
bide forming elements, because segregation is suppressdd d very high
solidification rate (16 to 10 Ks~!) during the atomization process. The
resulting homogeneous microstructure consists of a meitiematrix with
embedded globular and evenly distributed primary carbwligs a size in
the uym range. Although the microstructure is rather homogendoeie
are, depending on the composition, carbide types, pramtugtarameters
and austenitizing temperature, differences in the sizethadlistribution
of the carbides. The influence of these parameters on featiughness is
investigated here by comparing different steels with alsinbtdtal amount of
primary carbides. The mechanical properties of the matexharacterized
by "Ultra-Micro" hardness tests (UMHT) and by tensile teatsuming that
plastic deformation will start in the softer matrix and tktia¢ yield strength
of the matrix is the yield strength of the compound. The cehesecondary
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carbides £ nm) precipitated during tempering are treated as a parteof th
matrix.

EXPERIMENTAL

Four alloys were produced via the PM route. Table 1 showsctheimical
composition and the primary carbides present. In additiothé elements
listed the steels contain vanadium between 2 and 4 %. Alldtaals possess
a carbide volume fraction between 11.1 and 13.1%. The heatntent
performed consists of austenitizing in the two or multi ghieegyion austenite
(v) and carbide(s), followed by quenching and three times &ing to a
final hardness of about 60 HRC. The whole treatment was dditiid salt
bath furnaces, because of the excellent heat transfer anghiformity of
temperature in the melt.

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

Steel C Si Mn Cr Mo W Nb Carbides
[ 18 08 04 8 3 — 3 MC,NbC,MC5
Il 18 10 04 8 2 — 3 MC,NbC,MC5
1 19 07 04 7 3 — 3 MC,NbC,MC3
v 1.1 0.2 0.2 4 8 0.3 0.1 MC,NC

Using a scanning electron microscope (SEM) and two typesnafje
generation, the secondary-electron (SE) or the backsedttdectron (BE)
mode [4], the carbides (MC, M3, MgC) and the matrix could be differenti-
ated (Fig. 1). Both modes can be used without prior etchirige$pecimen
surface. The carbides vary strongly in composition, whédinie especially
for the monocarbide MC sometimes being rich in niobium (Nb@Jyl ap-
pearing white (Steels|, Il and Il in Fig. 1 (a), (b), (d)) ach in vanadium
then appearing dark gray (Steels|, Il, lll and IV in Fig. 1, (&), (e), (f)).
This varying composition causes difficulties in distinduigy between MC
and M;C5 carbides.

Quantitative microstructure analysis was performed onises paral-
lel to the fracture surface of single edge notched 3-pointdivey (SENB)
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(d) Steellll - BE (e) Steellll - SE (f) SteellV -BE

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

specimens. These specimens of dimensighs 6 x 60 (WxBxL, all in
mm) were taken from hot rolled barg & 32 mm and 43 mm) and were sub-
jected to the measurement of the plane strain fracture tmgghaccording
to ASTM E399-90 [5]. The precrack consisted of a milled notdbep-
ened by electroerosive machining and a fatigue crack of talsd®0pum
length, which was introduced by compressive cyclic loadifg. 2 (a)).
Then the precracked specimens were loaded to failure (Kl).2 Since
the load-displacement curves did not show any signs ofipldeformation
(Fig. 2(c)), the maximum load, could be used to calculate the valisg,,
which corresponds téic, if some validity requirements are fulfilled [5].
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To ensure plane strain conditions the dimensions of theisgechave to
be taken sufficiently large and the crack tip plastic regiamsitrbe small
compared to both the crack length and the specimen dimension

Load

O]
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©
A

Displacement

(a) Compressive cycling load- (b) 3-point bending fixture. (c) Load-Displacement curve.
ing.

Figure 2.  Plane strain fracture toughness testing.

The yield strengtloryg was estimated from uniaxial tensile tests and al-
lows, together withiic, to calculate the size of the plastic zone in front of
the crack tipyp, from[6, 7, 8, 9]

o= — (ﬁf (1)

67 \oys

Although our materials are very hard, all four steels shoticeable plastic
deformation in the tensile tests. The in-situ hardnessefihtrix material
is characterized by indentation tests with an "Ultra-Miégrmlenter mounted
in a scanning electron microscope. Using always the sanemiaton force
(29.9 mN) and the same indentation time (15 s) makes podsiliempare
the hardness of the matrices of the four steels by compahniadength of
the indentation diagonals. From these tests the relativieixrtaardness
is characterized by the valug,,/d (Table 2), wherel,,;, is the smallest
indentation diagonal observed in the steel with the handestix (steell).
Hence, the higher the valuk,;, /d, the harder is the in-situ hardness of the
matrix.
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RESULTSAND DISCUSSION

Figure 3 (a) shows the size distribution of all particlesr{fary carbides
and non-metallicinclusions, NMI) presentin the steelse ifieasured values
are approximated by logarithmic normal distributions. thersake of clarity
the measured values are only displayed in (Fig. 3 (b)) by &¥snkwvhere for
steel lll carbides and non-metallic inclusions are sepdrait;C3 and MC
are treated as one particle type due to the difficulties tongjgish them
properly with the image analysis system. For macroscoppeties like
hardness, fracture toughness or tensile strength the tiyparbide is not
so important, since irrespective of their chemical compmsicarbides are
always much harder than the matrix and are not deformedqa#igt

Particles of type MC3, which appear light gray (Fig. 1 (e)), are larger than
MC (dark gray). Their number is low with a size of at leagi. In Table 2
the mechanical properties and the microstructural paemsate listed. The
total volume fraction of particles (carbides and NMI) variet very much,
compared to carbide contents of commercial PM tool stedisden 5 and
30 %.

Table 2. Rockwell hardness, plane strain fracture toughness, wlinaction of particles
(carbides and NMI), mean particle diameter, mean inteigarspacing) [10], size of the
plastic zone,, difference\ — r, and relative hardness of the martensitic madkix. /d of
the investigated steels.

Steels I I 11 v

Hardness [HRC] 59.8 59.4 59.2 60.4
Kic [MPay/m] 17.7 16.4 14.9 18.7
volume fraction of particles [%] 11.1 12.0 12.7 13.1
mean particle diametenim] 0.51 0.45 0.46 0.74
A [um] 4.08 3.32 3.31 491
rp [1m] 274 256 211 3.14
A-rp [pm] 1.34 0.76 1.20 1.77
dmin/d 1 094 096 0.87

Steel IV shows the highest fracture toughness (Table 2)teemgh it pos-
sesses the highest macrohardness and the largest meateszg. While
anincrease of these propertiesis usually associated vathuation in tough-
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Figure 3.  Particle size distributions approximated by the logarithmormal distribution.

ness, one has to keep in mind that this steel possesses tibst sadtrix and
the largest interparticle spacing, which both increasghioess. Analyzing
the fracture surfaces of the tensile specimens shows tlesit the largest
single carbide is not large enough to act as a critical flad,fe@nce carbide
clusters, non-metallic inclusions, voids or impuritie$ @g crack initiating
flaws. Increasing the size of the particles rather improhesresistance
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against crack growth in the investigated steels since farengarbide con-
tent larger particles result in larger distances betweercénbides.

Hard inclusions and the inclusion/matrix interface posselwer resis-
tance against crack propagation than the martensitic xpathich dissipates
a part of the energy released during fracture by plasticrdeftion. How-
ever, a crack can interact with a carbide only, if the carbgdeithin the
plastic zone around the crack tip [11]. Antretter et al. [®fstigated an
arrangement of two brittle inclusions in a ductile matrixrogans of finite
element calculations and found that in the case of two undathparticles
small interparticle distances reduce the risk of partieifufe due to stress
relaxation on either side of the particles. If, however, oh¢he particles
is already broken, the stress concentration around thé ti@éncreases
the stress inside the other inclusion as the crack appreatieeinterface
between the matrix and this second particle. Thereforerge ldistance
between the particles decreases the sensitivity to faikarancreasing<c.
The interaction of a crack and the nearest carbide in thetéireof crack
growth depends mainly on the distance between the carbidktha defor-
mation behaviour of the matrix [13]. Figure 4 shows the fnaetoughness
as a function of the mean interparticle distance. Even tholig graph stip-
ulates thatk;¢ should always be large X increases, one has to keep in
mind also the deformation properties of the matrix. Thesebeaestimated
roughly by calculating the size of the plastic zong, in front of the crack
tip (Equation 1). Within the experimental scatter one camctale that a
large difference between the mean interparticle spacinigtiaa calculated
size of the plastic zone\(— r,) seems to be beneficial for the plane strain
fracture toughness of this high strength material clasbl€Ta).

Ultra-micro hardness and the yield strength both deschibelastic de-
formation behaviour of the matrix. While the yield streng#stimated
in uniaxial tensile tests, characterizes the onset of ipla&formation in
the compound matrix/primary carbide and is almost the samalifour
steels ¢ys =2400+ 50 MPa), ultra-micro hardness is a quantity character-
izing the flow behaviour of the matrix and shows distinctetiénces. This
can be explained by the different tempering states of theiceat For the
same macroscopic hardness the special composition ofdéks,sand con-
sequently tempering behaviour, results in different an®and sizes of the
secondary carbides, which affect the plastic deformatiemaksiour of the
matrix (martensite + secondary carbides). The secondméssioe different
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Figure 4. Plane strain fracture toughneksc vs. mean interparticle spacing

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

The results presented clearly show that cold work tool stgelduced via
the PM route possess distinctly different fracture toughiigc even though
the steels investigated contain roughly the same partiglenve fraction
and are adjusted to the same macroscopic hardness. A finbudish is
desirable in order to delay crack initiation, but small ipgaticle distances
decrease the resistance of the material against crackgatipa. Hence,
Kic is closely related to the mean interparticle spacirand the size of the
plastic zone, and, therefore, to the yield strength of the martensitiamat
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