Superplastic behaviour of répidly solidified
ultrahigh carbon alloy tool steel X380 CrVMo 259 3
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This paper describes the superplastic properties of the rapidly solidified (RS) ultrahigh carbon alloy tool steel

X380 CrVMo 25 9 3. By application of a specific production route, a microcrystalline structure can be produced which consists
of a ferritic matrix (grain size d < 3-8 um) and fine dispersed carbides (d = 1-3 um). At test temperatures T of about 1050°C
the tool steel can be deformed superplastically. Maximum tensile elongations are limited by cavity formation at the austenite/
carbide interfaces. Compression tests reveal clearly that the cavity volume is decreased compared with that found in tensile tests.
The mechanism for accommodation of grain boundary sliding is discussed in the light of scanning electron microscopy (SEM )
and transmission electron microscopy ( TEM ) investigations. To demonstrate the potential of the tool steel X370 CrVMo 259 3

Jor the production of near net shape components some samples were precision forged in the superplastic regime.
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introduction

Rapid solidification (RS) techniques, especially gas atomis-
ation, provide a unique possibility of producing new alloys,
including ultrahigh carbon alloy tool steels, which cannot
be manufactured by conventional melting, casting, and hot
working processes.! =3 For example, segregation of primary
carbides during conventional processing leads to non-
uniform distributions of these carbides even after substantial
amounts of hot deformation. As a result of their inhomogen-
eous microstructures these tool steels show non-uniform
hardness and variations in grinding behaviour and wear
resistance.>*

In contrast, the microstructures of powder metallurgically
processed tool steels consist of a fine and uniform
distribution of carbides within the matrix, resulting in
excellent isotropic properties.

Unfortunately, the recently developed high alloy tool
steels show poor machinibility owing to the large volume
fraction of hard special carbides. To overcome these
problems one of the important aims of current research is
to produce near net shape parts by supérplastic forming
techrslology such as press forging of bulk materials into
dies.

Structural superplasticity is the ability, under certain
deformation conditions, of fine grained and equiaxed
polycrystalline materials to show large plastic elongations
without necking.57 Superplasticity in metallic materials
has been reviewed extensively, and many investigations
have been carried out on the superplastic properties of
aluminium, titanium, nickel, and iron base alloys. 510
However, until now no work has been published which

considers the superplastic behaviour of ultrahigh carbon

alloy tool steels. This is owing to the high volume fraction
of special carbides, e.g. VC' and Cr,C;, which have
considerably higher hardness and flow stress compared
with the softer ferritic or austenitic matrix. This will lead
to .premature failure during superplastic straining as a
consequence of cavity formation at the interfaces.'!~!3
The present paper describes the superplastic behaviour
of a_powder metallurgically processed ultrahigh carbon
alloy tool steel, with a view to superplastic precision
forming of bulk parts of complex shape.

Experimental

To obtain a fine distribution of second phase particles, the
tool steel was prepared by melt atomisation using a

nitrogen gas jet. The cooling rate of the powder particles
depends upon their size and was estimated from secondary
dendritic arm spacings to be T=103-10% K s~ ! (Ref. 14).
For the manufacture of bulk specimens, the powder was
encapsulated in a mild steel can and, after degassing, was
compacted by hot extrusion at T=1150°C to produce
rods with about 84% reduction in cross-section.

The nominal chemical composition of the consolidated
material (designation X380 CrVMo2593) is given in
Table 1.

Flat tensile specimens of 3-5 mm thickness, 5 mm width,
and 15 mm gauge length were machined by spark erosion
from the consolidated material. To investigate the super-
plastic behaviour of the material tensile tests were carried
out in the temperature range T =750-1100°C using a
Zwick 1474 tensile testing machine at constant crosshead
speed. Strain rate change tests were performed to determine
the strain rate sensitivity parameter as well as the stress—
strain relationship. The parameter m is a measure of the
strain rate sensitivity of the flow stress at constant
temperature and microstructure. Superplasticity in mater-
ials occurs when strain rate sensitivity is of the order of
mz= 03,

Elongation to failure was measured to determine the
tensile ductility at the strain rates for which the tool steel
shows highest strain rate sensmv1ty

In addition, some compression tests were carried out to
investigate the dependence of cavity volume on deformation
direction.

Microstructural characterisation, i.e. grain size of the
matrix and volume fraction, distribution, and particle size
of the second phase, was carried out by light optical and
scanning electron (SEM) microscopy. Transmission electron
microscopy (TEM) was used to determine the difference in
the microstructures of the undeformed and superplastically
deformed specimens.

Results

MICROSTRUCTURE OF CONSOLIDATED TOOL
STEEL

Typical microstructures of the hot extruded rods are shown
in Figs. la and 1b. It can be seen that hot extrusion of the

Table1 Nominal composition of steel used, wt-%l

[ Si Mn Cr Mo \ Fe

38 06 06 24.9 27 87 Bal.
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a homogeneous distribution of carbides in matrix (cross-section);
b elongated carbide stringers and coalescence of carbides
(longitudinal section)

1 Microstructure of consolidated tool steel (SEM)

powder yields a dense and equiaxed microstructure. The
grain size (mean linear intercept) of the ferritic matrix is of
the order of 3-8 pm. The micrographs reveal a bimodal
distribution of the carbides. These have been identified by
energy dispersive spectroscopy (EDS) in the SEM; the
larger precipitates are chromium rich M,3;Cg¢ (M = Cr, Fe,
V) carbides 1-5-3 um in size, whereas the smaller are iron
rich carbides approximately 1pum in size. Because of
the large carbide volume fraction of about 43 vol-%,
coalescence occurred during hot extrusion (Fig. 1h). Some
elongated carbide stringers up to 20 pm in length (aspect
ratio I/d = 6) and aligned parallel to the extrusion direction
are also shown in Fig. 1b.

STRESS-STRAIN RATE RELATIONSHIP

The superplastic behaviour of the compacted tool steel
was studied in strain rate change tests performed in the

103'_ T T T T T T TTTT T T TTTImT T T 1T TT I||||!:l
E 3
5 E 3
e f e 1
% B o-—""vr ,—""‘"—‘., e A
U e .,—-"" 03"
s 102} — L =
@ E e i o= e 3
8 E e o e =
o B o - e
v | __,n/ g ]
T’l’ [ /n/“ /././ ]
s - e o 7= 75 °C
5 10tk e _]meos @7 = 850 °CT
= E s a3
. R 07 = 950 °C 3
2 C W7 = 1050 °C ]
r AT = 1100 °C T
100 U i L L iafiil N S e L L1 11 L iiln
1078 1073 1074 1073 1072 1071

true strain rate ¢ [1/s]

2 True flow stress ¢ as function of true strain rate
¢ for different test temperatures

05
E &
L A =a
4 04 L s m—a
T g “'\.\A

o

E: e | \i\\b
5 = Oy

03 L —o—8 S ™
a (s Y A

. §—o—0 o~ RN
>~
2 L e \
2 ~ TTe—, \ []
= < '
@ 02 i S ot 4 ~
¢ JaaLs S v \
i
0 a1= 750°¢ 0T e, <
o -\ o \

o LRI TR TSeo s
I T R >N
- 87 =050 9
o 1 = 1160 °C
-t o L1 biduigl L Ll Lot L1 jibiin L4 tatiyyl
" 1078 10°5 1074 1673 1072 107t

true strain rate ¢ [1/s]

3 Strain rate sensitivity parameter m as function of
strain rate ¢ for different temperatures

temperature range 750 < T'< 1100°C. The results are shown
in Fig. 2 in the form of a double logarithmic plot of true
flow stress o as a function of true strain rate & To determine
the strain rates for which the flow stress of the tool steel
shows the highest strain rate sensitivity, m is calculated
using the equation

_ log(a,/0,)

log (/&)

The values of m obtained are in the range 0-3 <m <04,

and tend to increase with increasing test temperature

(Fig. 3). The optimum superplastic deformation temperature

lies in the range T = 1050 + 50°C with a maximum value
of m=044 at a strain rate of é=1x 107357,

The activation energy @ for superplastic deformation

was calculated using the equation'?

d(Iné&)
d(1/T)|,

(1

0=—-R (2)
where T is the absolute test temperature and R is the gas
constant. The calculation was carried out for superplastic
tests performed in the temperature range 975 < T < 1075°C
at three constant flow stresses. The activation energy

for superplastic flow in this region was determined to be
Q=298 + 5kImol ™! (see Fig. 4).

TENSILE DUCTILITY

The tensile ductility of the tool steel samples was measured
for optimised superplastic deformation parameters m and
T at constant crosshead speed. At the test temperatures of
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T = 1000 and 1050°C maximum elongations of 150% and
176% respectively were obtained. Figure 5 shows total
elongation and m as functions of true strain rate. The
maximum of the elongation curve is shifted to higher true
strain rates compared with the m versus strain rate curve.

MICROSTRUCTURES AFTER TENSILE
DEFORMATION

Investigations using SEM and TEM on superplastically
deformed samples show that some grain growth occurred
during superplastic flow.

Figure 6 shows typical microstructures of the deformed
region in two samples after superplastic elongation at
T = 1050"C with different initial strain rates.

The size and shape of the grains depend upon the strain
rates at which the tests were carried out. Figure 6a shows

Vi 4 ‘

a equiaxed grains, é=6x10"*s""; b elongated grains,

£=11x10"%s""

6 Typical microstructures of two tensile test samples
deformed at T=1050°C (SEM)

1

a low dislocation density, F=6x 10 *s"
density, £=11 %10 %5’

;b higher dislocation

7 Strained region of two superplastically deformed
samples corresponding to Figs. 6a and 6b (TEM)

the microstructure of a tensile test sample which was
deformed with an initial strain rate § =6 x 10~*s !, which
corresponds to the maximum in m (see Fig.3). It can be
seen that after superplastic deformation the shape of the
grains remained equiaxed but some grain growth occurred.
The matrix grain size in the undeformed and in the
superplastically deformed state was found to be 5-4 um. In
contrast, the grain size of samples deformed with a higher
initial strain rate of =11 x 10”% s~ ! to a total elongation
of 170% was somewhat smaller (d =41 pm) owing to the
shorter test time. Furthermore, Fig. 6b reveals that the
grains are slightly elongated in the deformation direction.

In Figs. 7a and 7h, TEM images from samples corres-
ponding to Figs. 6a and 6b are shown. Figure 7a reveals
that the grains of the sample (Fig. 6a) remain equiaxed.
Furthermore, although a few dislocation tangles are present
in some grains, most grains are dislocation free. There was
no increase in dislocation density in comparison with the
undeformed region of the same sample.

In contrast to this the grains of the second sample,
corresponding to Fig. 6b, show a higher defect density
consisting of dislocations and low angle grain boundaries
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(see Fig. 7b) which lead to the conclusion that accommod-
ated slip occurs during superplastic deformation of this
sample.

Discussion

Investigations using SEM (see Fig. 1) reveal clearly that
gas atomisation and rapid solidification is a successful
method fo. the production of ultrahigh carbon alloy tool
steel powders. Because of the fine grained microstructure,
which consists of uniformly distributed carbides within a
ferritic « matrix having an average grain size of 3-8 pm,
the tool steel exhibits superplasticity. Optimum superplastic
properties have been observed in the temperature range
1000 < T < 1100°C at m values of about 0-4 and strain
rates of the order of §=1x10"3s"!. The maximum
elongation to failure & of 170% is limited by cavity
formation at the carbide/matrix interfaces, as shown in
Fig. 8. Preferential cavity formation at the interphase
boundaries reflects the inability of the carbide phases to
make a significant contribution to the accommodation of
grain boundary sliding by either dislocation or diffusion
processes. Because of the large carbide volume fraction of
43 vol.-% the grain boundaries in the X380 CrVMo 259 3
tool steel consist of high angle grain boundaries in the
austenitic y matrix and carbide/austenitic phase boundaries.
During superplastic straining the dominant deformation
mechanism of the investigated tool steel can be described
as a combination of grain and interphase boundary sliding,
Since the hard carbides do not deform, cavities will be
formed at the matrix/carbide interfaces.'® During straining
the cavities grow and early fracture of the sample is caused
by the interlinking of cavities. This can clearly be seen in
the SEM in Fig. 9, which shows a fracture surface of a
superplastically deformed sample, where the fracture is
initiated by the coalescence of cavities to form pores with
sizes up to 20 um. Furthermore, these cavities will be
formed preferentially in the regions where elongated carbide
stringers are present. This is due to the incomplete
accommodation mechanism which is unable to reduce
internal stresses by diffusion mechanisms.

Assuming a homogeneous microstructure, it might be
possible to increase the ductility in tension. Since cavitation
leads to degradation of service properties,'” it is necessary
to suppress cavity formation during superplastic deforma-
tion. A change in the deformation mode from tension to
compression reduces the total volume fraction of cavities,
as can be seen in Fig. 10. A further reduction of the cavity
volume is caused by an increase of the diameter/height
(D/H) ratio of cylindrical compression specimens, as shown
in Fig. 10.'® Investigations using SEM on deformed

8 Cavity formation at carbide/matrix interfaces (SEM)

9 Fracture surface of test sample superplastically
deformed at T=1050°C and §=6x10*s"' to total
elongation e=150% (SEM)

compression specimens revealed that the cavities were
formed preferentially in the barrelled regions of the
specimens. Increasing the D/H ratio decreases the barrel-
ling tendency and the amount of material subjected to
circumferential tensile stresses.

In contrast to other superplastic ferrous and non-ferrous
alloys the maximum elongations obtained do not coincide
with the maximum m value (Ref. 13). The largest elongations
were detected at higher strain rates and lower values of m.
This implies that a transition takes place from the
superplastic region where grain boundary sliding occurs
to the region where slip controls the deformation.'® Slip is
a dominant gdeformation mechanism at higher strain rates
(6=107%s7"'), as can be demonstrated by microstructural
investigations. The SEM in Fig. 6b clearly reveals elongated
grains, parallel to the tensile direction, which are caused
by glide inside the grains. This is accompanied by
dislocation movement, as can be seen in the TEM in
Fig. 7b.

Taking normal grain growth into account, the amount
of slip estimated from the elongated grains in the deforma-
tion direction accounts for about 20% of the total
elongation. This implies that grain elongation by
slip deformation must be subtracted from the total
tensile ductility. Therefore, it follows that the largest
elongation will be found in the strain rate region showing
maximum m.

Normally, the internal tensile stresses which arise at the
interfaces during superplastic deformation will be reduced
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10 Comparison of amount of cavitation in tool steel
deformed superplastically in tension and in
compression
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g

30mm
11 Superplastic precision forging of tool steel
X380 CrVMo 2593 at T=1050°C, §=5x102s'

(Courtesy of Sulzer Innotec,

Switzerland)

Winterthur,

by diffusion.®'" Because of the larger carbides grain

accommodation by diffusion and slip at matrix/carbide
interfaces will be hindered and consequently more cavities
will be formed at the interfaces. This leads to preferential
fracture of the test samples deformed in tension. When slip
deformation acts as an accommodation mechanism the
internal tensile stresses are reduced by dislocation glide,
and it is possible to achieve a greater elongation compared
with deformation in the strain rate region where grain or
phase boundary sliding are accommodated by diffusion.

As mentioned above, the activation energy was deter-
mined to be Q=298 + 5 kJmol '. From this value of Q,
an attempt can be made'” to identify the governing
accommodation mechanisms, e.g. lattice or grain boundary
diffusion. The calculated activation energy of Q=
298 kJ mol "' is higher than the activation energies®® for
grain boundary diffusion of iron in pure y iron (Qgg=
170 kI mol™!) and for lattice self-diffusion (Qy =
280 kJmol '). Owing to the extremely high alloying
content of the tool steel, these values are not comparable
to the activation energies for lattice diffusion in the solid
solution matrix or for grain or interphase boundary
diffusion. It is worthy of note that no diffusion data for
such a complex system have yet been published.

An investigation of superplastic ceramics?' has shown
that the activation energy for grain boundary sliding in
the superplastic regime is raised by a factor of 1-66 when
an insoluble hard second phase is alloyed with the softer
matrix.

From a consideration of these results, grain or interphase
boundary diffusion might act as the dominant accom-
modation mechanism during superplastic deformation of
this type of high alloy steel.

To evaluate the near net shape forming potential of the
investigated tool stecl, some superplastic precision forging
tests were carried out. Samples of the tool steel were
superplastically deformed at 7'=1050°C in a protective
atmosphere using an isothermal forging machine. Figure 11
demonstrates the extraordinary near net shape potential
of the tool steel X380 CrVMo 259 3.

Conclusions

. Melt atomisation and subsequent hot extrusion is a
useful method for the successful production of high alloy

tool steel consisting of a two phase microcrystalline
structure.

2. The tool steel X380 CrVMo 2593 exhibits super-
plasticity in the temperature range T = 1050 + 50°C.

3. The tensile ductility &< 170% is limited by cavity
formation at the interphase boundaries.

4. Grain boundary sliding, which is the dominant
deformation mechanism during superplastic straining, is
accommodated by grain boundary diffusion.
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