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Abstract This study describes the correlation between
microstructure and mechanical properties of an ultra-high-
Strength F686_7CI'4'4M00V6V1V1W2'5C4V7 (at%) alloy manu-
factured under high cooling rates and pure conditions. The
applied preparation conditions promote the formation of
non-equilibrium phases such as martensite, retained aus-
tenite and special carbides already in the as-cast state. The
carbides form a 3-dimensional skeleton-like structure
between the retained austenite and the martensite. This
hard and finely ramified carbide network distributed
throughout the entire ingot is a specific characteristic of
this alloy and important for its excellent mechanical
properties. The material exhibits extremely high engi-
neering compression strength of almost 5500 MPa com-
bined with a large compression strain of about 23% due to
deformation-induced martensite formation. Furthermore,
the alloy possesses a high hardness and tensile strength in
the as-cast condition. This combination of mechanical
properties leads to an outstanding engineering material for
a variety of structural applications in the automotive and
tool manufacturing industry.
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Introduction

The increasing demand in the automotive and tool manu-
facturing industries for innovative steels with high strength,
hardness, wear resistance and large ductility, which exhibit
an extreme mechanical loading capacity, stimulated the
development of ultra-high-strength steels [1, 2]. This group
of steels generally exhibits yield strengths exceeding
550 MPa [3] and tensile strengths of more than 700 MPa
[1, 4]. However, ultra-high-strength materials are also
exposed to tensile as well as compressive stresses or pure
compressive load in use. For such applications, an ultra-
hlgh- Strength iron-based F686'7CI'4'4M00'6V 1. 1W2'5C4'7
(at.%) alloy has been developed, which possesses a similar
composition, wear resistance and hardness like a high
speed steel (HSS) [5-7], but shows significantly higher
compressive strength [8] in combination with good tensile
properties. Another difference to commercial HSS and
ultra-high-strength steels is that these classes of steels have
to undergo complex manufacturing processes, which
imply, e.g. costly heat treatments or thermo-mechanical
rolling after the casting process [9-11], whereas the
mechanical properties of the presented iron-based alloy can
be generated already in the as-cast state. Therefore, a
preparation method similar to that of bulk metallic glasses,
implying high cooling rates and pure conditions, was used
[12, 13]. Thereby a microstructure composed of martensite,
retained austenite and a fine network of special carbides
can be obtained [12, 14]. In the case of Fegg gCrs3V,,Ca
(at.%), manufactured under such preparation conditions, an
engineering compression strength of almost 4000 MPa
together with a large compression strain of about 20%
could be achieved [12]. Furthermore, the
Fegg 9Cry3V,,Cs¢ alloy shows a superior mechanical
behaviour under dynamic loading conditions and the
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transformation-induced plasticity (TRIP) effect was veri-
fied [12, 14]. For further improvement of the mechanical
properties, the composition of the alloy was slightly
modified by adding small amounts of molybdenum and
tungsten as carbide formers at the expense of the strong
carbide former vanadium. For the new Fegg7Crsy
Moy V1.1W2.5C,4 7 alloy, this leads to a more complex and
finer carbide network compared with the starting compo-
sition Fegg oCry3V,2C46, Whereas the transformation of
retained austenite into martensite is still observable.

In this study, the correlation between the microstructure
and the mechanical properties of the new developed high-
strength Fegg 7Cry 4Mog V1.1 W» 5C47 alloy modification is
investigated. Thereby, the relationship between the non-
equilibrium nature of the microstructure and the resulting
mechanical properties is analysed, with special emphasis
on the influence of the TRIP effect on the mechanical
performance under quasi-static compressive loading.

Experimental

The Fege7Cry4sMog6V1.1W,5Cy7 alloy was prepared by
induction melting (Balzers) of the high purity elemental
constituents (99.99 wt%) under an argon atmosphere using
a ceramic crucible. After reaching the casting temperature
of about 1823 K, the melt was cast into a copper mould
with inner dimensions of 70 x 120 x 14 mm>. For
obtaining the desired microstructure and phases (martens-
ite, retained austenite and carbides), a cooling rate of about
10-50 K/s has to be achieved [15]. The actual composition
of the ingots was verified by chemical analysis, i.e. the
carbon content was measured by carrier gas hot extraction
(CGHE, EMIA 820 V, Horiba) and for the elements Fe, Cr,
Mo, V and W inductively coupled plasma optical emission
spectrometry (ICP-OES; IRIS Intrepid II XUV, Thermo
Fisher Scientific) was used. Table 1 displays the average
carbon content and the standard deviation (SD) determined
from five measurements as well as the average element
contents and the SD resulting from fourfold ICP-OES
measurement. Thereby no significant differences within the
scope of precision could be detected. Furthermore, the
nominal composition of the ingot and the element contents,
which were determined experimentally, demonstrate a
good correlation.

Microstructural analysis of the as-cast and deformed
samples was performed by optical microscopy (OM;
Epiphot 300, Nikon) and scanning electron microscopy
(SEM; Leo 1530 Gemini, Zeiss). The samples for the OM
observations of the as-cast state were etched with Beraha 1.
For the visualisation of the complex structured carbides in
the alloy, the samples were deep etched (5 g FeClz, 10 mL
HNOs3, 3 mL HCI, 87 mL C,H¢O) and examined by SEM.

X-ray diffraction (XRD; STOE Stadi P, Mo K, radia-
tion) was used for structural characterization and phase
identification in combination with a Rietveld analysis [16]
using Fullprof [17].

Rockwell macrohardness measurements and room tem-
perature compression and tensile tests were performed to
study the mechanical behaviour of the alloy. The Rockwell
macrohardness tests were conducted with a CV Instruments
hardness tester using a test load of 1471 N. The quasi-static
compression and tensile tests were carried out at a strain
rate of 107> s~ " using an Instron 8562 testing device. For
the compression tests, cylindrical and coplanar samples
with dimensions of 3 mm diameter and 6 mm length were
used. Five samples were deformed until fracture and three
further specimens were deformed until a certain compres-
sion strain (0, 4, 9, 14 and 24%) was reached, such as to
verify the TRIP effect. Subsequently, test pieces with a
thickness of about 1 mm were cut out of an undeformed
and the deformed specimens and the volume fraction of
martensite was determined by a vibrating sample magne-
tometer (VSM 7300, Lake Shore Cryotronics).

For the tensile tests, five rectangular dog-bone-shaped
samples after DIN 50125 were prepared. The specimens
had a thickness of 1.4 mm, a sample width of 5 mm, a
gauge length of 30 mm and a total length of 97 mm.

Results and discussion

Figure 1 presents a typical XRD pattern for an as-cast
Fegs.7Cry 4Mog6V1.1W2.5C47 sample. The alloy is mainly
composed of a martensitic phase (m) and an austenitic (a)
phase. These two phases are indexed on the basis of the
structure models described by Kohlhaas et al. (martensite)
[18] and Ridley et al. [19]. The lattice parameter a of (m) is
refined to 2.888(2) A and of (a) to 3.625(3) A. The sig-
nificantly larger lattice parameter for (m) is explained by

Table 1 Results of ICP-OES analysis and CGHE with standard deviation compared with the nominal composition of the presented alloy

Fe Cr Mo \'% W C
Nominal (wt%) 84.9 4.01 1.010 0.983 8.06 0.990
Experimental (wt%) 85.4 3.99 1.080 1.000 8.08 0.974
SD (wt%) 0.3 0.02 0.005 0.007 0.04 0.009

@ Springer



J Mater Sci (2012) 47:267-271

chromium as dopant, which leads to an increase of a.
Energy dispersive X-ray spectroscopy measurements in the
SEM (not shown here) confirm the existence of the chro-
mium rich martensitic phase. The reflections of the both
iron phases are broadened, indicating large distortions due
to the special preparation conditions of the alloy. Further-
more, the XRD pattern indicates the existence of a mixed
metal carbide c* with the general composition M,C
(M = Mo and/or W). However, the low phase content of
almost 3 wt% is problematic for the correct indexing of the
structure. Most plausible structure models in M,C suitable
for the determination of the carbide in the X-ray pattern in
Fig. 1 are found for the space groups Pbcn [20] and P31m
[21]. A Mo,C structure with the space group Pca2; [22]
may be an additional candidate, but is discarded. This
decision is supported by the existence of isostructural
compounds for M,C with either molybdenum or tungsten
as metal ion in both space groups Pbcn and P31m. The
M,C compound with the space group Pca2; is, to our
knowledge, just found for the molybdenum case. Mo,C and
W,C are both found separately as well as closely associ-
ated, which leads to the assumption that the formation of a
mixed (Mo,W),C compound is very probable.

Figure 2a, b and c display the microstructure of the
as-cast specimens. The optical microscope image obtained
after etching with Beraha I (Fig. 2a) reveals that the
material possesses a dendritic structure over the cross
section of the ingot. The dendrites are mainly composed of
martensite (dark phase) as well as fine carbides. Retained
austenite and coarse carbides (light phases) are found in the
interdendritic areas. The coexistence of the three phases
(martensite, austenite and carbides) agrees well with the
XRD results.
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Fig. 1 XRD pattern of the as-cast Fegg 7Cry 4Mo0g V1.1 W, 5C4 7 alloy
with indexed martensitic (m) and austenitic (a) phase as well as M,C
(c*) with M = Mo and/or W

Fig. 2 a Optical micrograph of the dendritic structure of the as-cast
Fege7Cry 4Mog 6V 1.1W25C4 7 alloy showing the distribution of the
present phases; b, ¢ SEM images of the Fegg 7Cry 4Mog V11 W2.5Cy7
alloy illustrating the fine network-like structure formed by complex
carbides and its arrangement within the material

Figure 2b and ¢ show SEM images of the
Fegg 7Cry 4Mog ¢V 1.1W25Cy7 alloy after deep etching.
The illustrated 3-dimensional skeleton-like structure of
the complex carbides has formed between the retained
austenite and the martensite. This hard and finely ramified
carbide network distributed throughout the entire ingot is a
specific characteristic of this alloy and important for its
mechanical properties.
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The combination of the high-strength phases martensite
and carbides leads to a high macrohardness of 61 + 0.6 HRC,
which is very similar to that of high speed tool steels [6].

Figure 3 shows the engineering compressive stress and
the volume fraction of martensite as a function of the
engineering strain for the as-cast material. The most sig-
nificant mechanical property of the present Fegg;Cryq
Moy V1.1W25Cy; alloy is its very pronounced work-
hardening behaviour. The material starts to deform plasti-
cally at a 0.2-offset yield strength of 1296 4+ 10 MPa and
fails at an outstanding engineering compression ultimate
strength of 5439 + 20 MPa at a compression strain of
23 %+ 0.5%, which is much superior compared with com-
mercial HSS [8]. In order to clarify the reason for this
special deformation behaviour, the volume fraction of
martensite at different strain levels (0, 4, 9, 14 and 24%)
was determined (Fig. 3). The volume fraction of martensite
in the examined iron-based alloy clearly increases with
increasing strain. The metastable austenite in the as-cast
material, which amounts to about 30 vol.% (when the
volume fraction of carbides is neglected), transforms into
martensite because of the imposed external stress during
deformation. Therefore, the reason for the large work
hardening is, besides conventional deformation mechanism
like, e.g. solid solution strengthening, particle strengthen-
ing or grain boundary hardening, linked with the TRIP
effect caused by the deformation-induced transformation of
metastable austenite into martensite [12, 14, 23, 24].

SEM has been used to analyze the failure behaviour of
the alloy. Figure 4a presents the typical microstructure of a
fractured compression test sample. The fracture always
occurred in the direction of the major shear stress, i.e. at an
angle of about 45°, so that a typical shear fracture appears.
Apart from dimples distorted in the direction of slip (not
shown here), the fracture surface reveals partially melted
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Fig. 3 Engineering compressive stress and volume fraction of
martensite as a function of the engineering strain for the as-cast
Fege7Crq 4Mog 6V 1.1W2.5Cq 7 alloy
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zones due to the high deformation energy and the large heat
release upon fracture (Fig. 4a).

Besides compression tests, also room temperature ten-
sile tests were performed. Upon tensile loading the
F686.7CI'4.4M00_6V1.1W2_5C4.7 alloy exhibits a hlgh 0.2-
yield strength of 618 £ 10 MPa and an ultimate tensile
strength (UTS) of 972 4+ 32 MPa at a total strain after
break (A, of 1.1 £ 0.1% in the as-cast state. Furthermore,
a certain amount of work hardening is detectable. Con-
cerning the tensile yield and UTS stresses, the alloy can be
considered as an ultra-high-strength alloy [3] and shows
somewhat better tensile strength than as-cast HSS steels
with similar compositions [25]. However, the ductility of
the Fegg 7Cry. 4Mo0g 6V 1.1W2.5C4 7 alloy under tensile load is
rather low, which can mainly traced back to the hard and
brittle carbide network [5, 25] and also the high-strength
martensitic phase in the as-cast state may have a certain
influence [26, 27]. This behaviour of the investigated alloy
under tensile stress is also reflected in the fracture features:
all examined samples displayed brittle fracture, and the
fracture occurred perpendicular to the maximum tensile
stress, so a typical cleavage fracture appears. The failure
mainly occurs at the interface between the hard and brittle

Fig. 4 a SEM image of the fracture surface of a compression test
sample showing partial melting; b SEM image of the fracture surface
of a tensile test sample displaying a removed dendrite
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carbides and the dendrites (Fig. 4b). Besides the carbide
network, micropores, which cannot be completely avoided
in a cast material, promote enhanced crack propagation,
because under tensile loading the crack grows perpendic-
ular to the applied force, which leads to an additional crack
opening and a failure at low overall tensile strain.
Comparing the deformation behaviour under tensile and
compressive loading reveals that the yield strength under
uniaxial compression is much higher than under uniaxial
tension. This difference in the flow behaviour has been
termed strength differential (SD) effect [28] and was earlier
observed and investigated by Chait [29] and Hirth and
Cohen [28] for martensitic steels. Hirth and Cohen [28]
also gave some tentative explanations of the SD phenom-
enon. The difference in yield strength under uniaxial
compressive and tensile loading could, for example, traced
back to residual stresses arising from the volume expansion
of the martensitic transformation or to internal cracking
as a result of the high hardness of the Fegs;Crsq
Moy V1.1W,25Cy 5 alloy [28]. In fact, flaws which are
already present in the as-cast material or that are induced
during testing (for example crack formation at carbides),
are more detrimental in tension than in compression, and
have therefore to be minimised for obtaining excellent
mechanical properties. Appropriate measures to circum-
vent this problem will be subject of future investigations.

Conclusions

A Fegg7Cry 4MoggV11W,5C47 ultra-high-strength alloy
was manufactured under special preparation conditions,
which promote a microstructure composed of martensite,
retained austenite and a fine network of special carbides
already in the as-cast state. The combination of high-strength
phases with ductile austenite yields an alloy with out-
standing mechanical properties. The alloy exhibits a high
macrohardness as well as extremely high engineering com-
pression strength combined with large compression strain
and a strong work-hardening behaviour. The reason for
performance can be traced back to the successive transfor-
mation of the retained austenite into martensite during
deformation, as confirmed by the considerably increasing
volume fraction of martensite with increasing compression
strain. Furthermore, the alloy shows a high tensile yield
stress and UTS already in the as-cast condition. The quasi-
static compression and tensile tests reveal a significant dif-
ference in the mechanical behaviour under the different
loading conditions. Shear fracture occurs under compres-
sion, whereas cleavage dominates for tensile loading. For
further clarification of the fracture mechanisms and the crack
imitation and propagation in the present alloy, fracture
mechanical tests have to be performed in the future.

In conclusion, the Fegs;Cry4MogsV11W25Cs7 alloy
offers a wide range of applications already in the as-cast
condition due to its ultra-high compression strength and
ductility and even high strength under tensile loading.
Therefore, the material has a large potential to replace
currently used high performance steels for the automotive
and tool manufacturing industry in the future.
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