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ABSTRACT

Continuous heating transformation (CHT) diagrams and continuous cooling
transformation (CCT) diagrams of precipitation-hardening steels have the
drawback that important information on the dissolution and precipitation of
Cu-rich phases during continuous heating and cooling are missing. This work
uses a comparison of different techniques, namely dilatometry and differential
scanning calorimetry for the in situ analysis of the so far neglected dissolution
and precipitation of Cu-rich phases during continuous heating and cooling to
overcome these drawbacks. Compared to dilatometry, DSC is much more sen-
sitive to phase transformation affecting small volume fractions, like precipita-
tion. Thus, the important solvus temperature for the dissolution of Cu-rich
phases was revealed from DSC and integrated into the CHT diagram. Moreover,
DSC reveals that during continuous cooling from solution treatment, premature
Cu-rich phases may form depending on cooling rate. Those quench-induced
precipitates were analysed for a broad range of cooling rates and imaged for
microstructural analysis using optical microscopy, scanning electron micro-
scopy and transmission electron microscopy. This information substantially
improves the CCT diagram.
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Introduction

Precipitation-hardening stainless steels are iron-
chromium-nickel alloys containing precipitation-
hardening elements such as aluminium, titanium,
niobium, and copper (e.g. [1-3]). The strength of such
precipitation-hardening steels can be increased sub-
stantially by an age-hardening process, resulting in a
microstructure with fine precipitates that hinder
dislocation gliding and, thereby, increase the
strength. Age hardening makes use of the decreasing
solubility of the matrix lattice with respect to the
major alloying elements at decreasing temperature
[4]. The heat treatment process of age hardening
consists of three major steps, solution treatment
(which for steels typically takes place in the austenite
region), quenching and ageing. The solution treat-
ment aims to achieve a solid solution. A certain
duration of soaking at solution temperature is often
used to finalise the dissolution processes and/or
obtain a homogeneous distribution of the dissolved
alloying element atoms within the matrix. During
quenching, the alloying elements need to be kept in
solid solution, resulting in supersaturation of the base
material. This condition is far from equilibrium and
is, thus, unstable. From this unstable supersaturated
solid solution during the final ageing treatment, a
high number density of nano-scale precipitates
grows, which hinder the dislocation movement and,
thereby, increase the strength. In this work, precipi-
tation-hardening steels that use Cu as a precipitation-
hardening element are considered. The precipitation
sequences of those steels are still a topic of recent
research [2, 5, 6] and the precipitation sequence from
the supersaturated martensitic phase can be expres-
sed as Cu-Fe rich clusters - Fe—Cu-rich precursors
with orthorhombic 9R structures — Cu-rich twinned
FCC precursors - FCC Cu [6-8]. A core/shell
structure with Ni surrounding fine Cu precipitates is
also reported to occur within the sequence of Cu-
precipitation [9].

To choose appropriate heat treatment parameters
for a specific steel in practical heat treatment shops,
typically, continuous heating transformation (CHT)
and continuous cooling transformation (CCT) are
used. CHT and CCT diagrams of precipitation-
hardening steels were typically recorded by
dilatometry, focussing on the ferrite/martensite to
austenite and reverse transformation but disregard-
ing the dissolution and precipitation of Cu-rich
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phases during continuous heating and cooling, see
Figs. 1 and 2.

Figure 1 shows a published continuous heating
transformation diagram for precipitation-hardening
steel X5CrNiCuNb16-4 [10]. Although the precipita-
tion of Cu in the martensitic phase is illustrated, the
important further dissolution of Cu in the austenitic
phase is missing. To that extent, the CHT diagram is
incomplete. Thus, an appropriate solution treatment
temperature cannot be chosen based on that diagram.

Figure 2 shows a published continuous cooling
transformation diagram for precipitation-hardening
steel X5CrNiMoCuNb14-5 [11]. It only focuses on the
martensitic transformation. Since the solubility of Cu
decreases with decreasing temperature, there must be
quench-induced precipitation if cooling is sufficiently
slow. It will be shown later that quench-induced
precipitation is indeed occurring at technically rele-
vant cooling rates. However, the CCT diagram is also
incomplete. One cannot assess how fast the steel
needs to be cooled to supersaturate the Fe matrix
with Cu.

It was shown in prior work, that differential scan-
ning calorimetry (DSC) can be used for in situ anal-
ysis of precipitation kinetics in precipitation-
hardening steels [5, 12, 13]. However, most of the
DSC work on such steels only consider heating up to
temperatures of about 700 °C, which is not sufficient
to detect the final dissolution of Cu. Moreover, there
is very little DSC work on cooling [14]. Recently a
sophisticated DSC method for the analysis of solid—
solid phase transformations has been adapted to
allow quantitative evaluation during cooling from
solution temperatures up to 1100 °C [15].

This work aims for the in situ detection of both the
dissolution of Cu-rich phases during heating as well
as quench-induced precipitation during continuous
cooling using dilatometry and DSC. This allows the
improvement of CHT diagrams by including the
dissolution of Cu. For the further improvement of
CCT diagrams, a complementary microstructural
analysis was done on different length scales using
optical microscopy (OM), scanning electron micro-
scopy (SEM) and scanning transmission electron
microscopy (STEM).
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Figure 1 Continuous heating transformation diagram for steel XSCrNiCuNb16-4 [10].
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Materials and methods

In this work, the martensitic, precipitation-hardening
steel X5CrNiCuNb16-4 was analysed in two different
batches. Samples were either taken out of a conven-
tional hot rolled bar (dimensions @ 15 x 3000 mm) in
annealed (1038 °C, 1 h) and quenched condition, or
from laser beam melted (LBM) cylinders (dimensions
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@ 7 x 65 mm) in the as-built condition. The chemical
composition of both materials, analysed by optical
emission spectroscopy, are shown in Table 1.

The transformation of steel X5CrNiCuNb16-4
during heating to austenitisation temperature and
cooling to room temperature was investigated in the
30 to 1100 °C temperature range, both by dilatometry
and calorimetry. A Type Badhr DIL 805 A/D



J Mater Sci (2020) 55:13244-13257 13247
Table 1 Alloying elements of the investigated X5CrNiCuNb16-4

Mass fraction in % C Si Mn Cr Mo Ni Cu Nb Fe
Conventional 0.017 0.47 0.59 15.41 0.153 4.59 3.02 0.290 Bal.
Laser beam melted 0.013 0.34 0.22 16.65 0.014 4.32 4.15 0.296 Bal.
DIN EN 10088-3 < 0.07 <0.7 <15 15.0-17.0 < 0.6 3.0-5.0 3.0-5.0 5 x C-045 Bal.

quenching dilatometer was used. Heating and cool-
ing rates in the 0.1-100 K/s range were selected for
investigating the X5CrNiCuNb16-4 steel. Dilatometer
samples with 4 mm diameters and 10 mm lengths
were turned from the cylindrical blanks. At least
three individual samples were used for each scan
rate. The execution and evaluation of the tests were
based on the methods presented in [16, 17].

A Setaram Labsys Evo instrument, equipped with
the highly sensitive Calvet DSC sensor [18], was used
for DSC-experiments. This instrument allows scan-
ning rates in the 0.01-0.3 K/s range. A detailed
description of the execution and evaluation of the
calorimetric experiments can be found in [15]. The
technical ceramic Rescor960 (Al,O3;) was used as
reference material. The dimensions of the sample and
reference materials were 4.9 mm x 11.6 mm.
These were placed in ceramic crucibles, which were
placed in platinum crucibles. The tests took place in
argon atmospheres. At least four individual samples
were used for each scan rate investigated by DSC.

Vickers hardness tests (ISO 6507-1) were carried
out to establish the effect of different rates of cooling
on subsequent mechanical properties using a Shi-
madzu type HMV-2 microhardness tester. Therefore,
austenitised and controlled cooled samples were
artificially aged (480 °C, 60 min). = Additional
X5CrNiCuNb16-4 samples were sealed in quartz
tubes with an argon atmosphere to prevent oxidation
and heat-treated in a controlled furnace to achieve
very low cooling rates of 10~° K/s and 10~* K/s.

The microstructure of selected samples was inves-
tigated using OM, SEM and STEM to prove quench-
induced precipitation. All samples for OM and SEM
were embedded in epoxy, ground and polished
according to standard preparation methods. The
images were recorded for samples in a polished
condition using OM with a Leica DMI5000 M
microscope. The samples for SEM were analysed
using a field emission SEM Zeiss MERLIN®VP
Compact equipped with an EDS detector Bruker

XFlash 6/30 and analysis software Bruker Quantax
ESPRIT Microanalysis software (version 2.0). SEM-
secondary electron (SEM-SE) images were obtained
using a high-efficiency Everhart-Thornley-type HE-
SE detector at 5 kV acceleration voltage. Representa-
tive areas of the samples were analysed and mapped
to determine the elemental distribution based on the
EDS (energy-dispersive X-ray spectroscopy)-spectra
data using the QUANTAX ESPRIT Microanalysis
software (version 2.0). The embedded, ground and
polished samples were mounted on the SEM carrier
with adhesive conductive carbon and aluminium
tape. For the EDS analysis, the acceleration voltage
was set to 20 kV.

The samples for STEM were cold cut out of the
heat-treated dilatometer samples to discs to
@ 3 mm x 300 pm. Subsequently, the discs were
ground to about 100 pm thick and electropolished
using a Struers TenuPol device with an electrolyte
consisting of 65-85% Ethanol C,HO, 10-15% 2-Bu-
toxy-Ethanol C¢H140, and 5-15% Water H,O. The
STEM investigations were performed using a JEOL
JEM ARM200F at 200 kV. The images were taken
using the high angle annular dark-field (HAADF)
detector. The microscope was equipped with a JED-
2300 spectrometer for STEM-EDS analysis.

Results and discussion

Continuous heating to the solution
treatment temperature

The conventional martensitic precipitation-hardening
steel X5CrNiCuNb16-4 (designated as “conv”) was
analysed during continuous heating using dilatome-
try and DSC, see Fig. 3a, b. The precipitation of Cu-
rich precursor phases is seen in both methods. In the
dilatometer curve, the precipitation reaction is seen
as a weak slope discontinuity, indicating a relative
shortening of the sample with respect to the expan-
sion of the martensitic matrix at about 500 °C and it is
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Figure 3 Selected continuous
heating curves at 0.1 K/s of
X5CrNiCuNb16-4 conv,
indicating the determination of

0.002[ a) dilatometer

transformation temperature
range in a dilatometer and in
b DSC.
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hard to determine the characteristic temperatures of
precipitation start and end from this dilatometer
curve. Certainly, in the first derivative of the strain
curve, this specific reaction is seen more clearly. In
DSC, a clear exothermic signal in a temperature range
of about 400-500 °C indicates a precipitation process
that can be attributed to the precipitation of Cu
[19-23]. Even at lower temperatures, 300-400 °C, an
endothermic peak can be seen during continuous
heating in DSC. Probably, this peak indicates the
dissolution of relatively fine Cu-Fe clusters that were
present in the initial state prior heating. Obviously,
its dissolution does not cause a measurable change in
volume/length since no slope change is seen in the
dilatometer curve and its first derivative.

The austenite transformation is much easier to see
in the dilatometer curve, which is why the dilato-
metric signal is typically used to characterise the
formation of austenite, which is completed at a tem-
perature of about 750 °C. In DSC, in the relevant
temperature range, an overlap of several reactions
makes the curve interpretation difficult since DSC
measures the sum of any occurring heat effect. From
about 500 to 750 °C, a stronger endothermic peak is
seen, which has a shoulder at about 700 °C. In this
temperature range, the austenite transformation
overlaps with the magnetic transition [13, 24, 25] and,
as will be discussed later, potentially also with the
dissolution of Cu-rich particles.

The essential final dissolution of Cu-rich precipi-
tates in the austenite matrix is not seen in the
dilatometer curve in Fig. 3a. However, in the first
derivative curve, an undefined signal has been
observed at temperatures above the mnominal
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austenitisation finish temperature. Since the matrix
has been converted from martensite to austenite, the
reference system has changed. It is well known that
the thermal expansion of austenite is more pro-
nounced than that of martensite. At this point, it is
not possible to differentiate between a thermally
induced change in length and a transformation
induced change in length. In the literature, a com-
parable signal was detected for martensitic hardening
steel M350 and precipitation-hardening steel 13-8 PH
[10, 26]. The involved authors attributed this anomaly
to a second step of austenite formation. However,
they also investigated X5CrNiCuNb16-4 and could
not observe this behaviour in this steel. Furthermore,
in this work, such an undefined signal has not been
observed in X5CrNiCuNb16-4 LBM.

This dissolution and, particularly, the completion
of this dissolution is seen well in DSC (Figs. 3b, 7), as
indicated by the endothermic peak between about
800 and 1000 °C. That is, the drop of the DSC curve
back to its zero level at about 980 °C can be taken as
the heating rate specific solvus temperature. Above
this temperature, the whole amount of Cu will be in
solid solution.

To verify that the last endothermic peak at about
870 °C is indeed related to the dissolution of Cu, we
did stepwise heating/quenching and reheating
experiments. Figure 4 shows the methodology. At
first, all samples were austenitised at 1040 °C for
30 min and quenched at 100 K/s to guarantee all
samples were in the same initial condition. After
stepwise heating in the dilatometer to distinct maxi-
mum temperatures, the samples were immediately
quenched at 100 K/s to room temperature. To prove
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the dissolution of Cu during stepwise heating, we
evaluated the reheating DSC signal. During reheat-
ing, the exothermic peak between about 400 and
500 °C was considered as this refers to the precipi-
tation of Cu-rich precursor phases and can only be
present if Cu before has been solved into the matrix.
As an orientation, a DSC heating curve up to 1100 °C
is shown as reference in Fig. 4b, allowing one to
match certain maximum temperatures from stepwise
heating to the original DSC signal we intend to
interpret.

Figure 5 shows the resulting DSC reheating curves.
The exothermic precipitation peak increases its peak
area with increasing maximum temperature up to
about 1000 °C, which correlates with the drop of the
DSC curve to zero in Fig. 3. For maximum tempera-
tures of 1000 °C and higher, the precipitation peak is
very similar and a highly similar supersaturation
prior to precipitation can be concluded, showing that
the HRSS is indeed about 980 °C. Thereby this

temperature in °C

important result can be evaluated from the DSC
heating curves and can be integrated as a major
improvement in the CHT diagram given in Fig. 6.

The complete continuous heating transformation
diagrams for both X5CrNiCuNb16-4 materials con-
sidering the dissolution of Cu-rich phases are shown
in Fig. 6. Due to the severe overlap of endothermic
reactions at temperatures between about 500 and
750 °C the onset of single reactions can only be esti-
mated. For the start of the final dissolution of the Cu-
rich phases, we determined the local minimum of the
DSC curve at 750 °C for X5CrNiCuNb16-4 conv, see
Fig. 4b. The characteristic temperatures of the
austenite transformation were taken from dilatome-
try. Therefore, for the first time, the heating rate
specific solvus temperatures of Cu dissolution is
integrated into a CHT diagram; compare Fig. 1 from
literature with this work, as shown in Fig. 6.

These diagrams are only valid for the specific ini-
tial condition, which is as-quenched for the

Figure 5 Resulting DSC- 0.3 maximum temperature at
reheating curves (0.1 K/s) of T stepwise heating:
X5CrNiCuNb16-4 conv. L "= 0.2 700 °C
S 2 —— 750°C
g = 01 —— 800°C
n O [ °
g % 0.0 850 °C
() = -0.14
= 0.2-
e , , , , , , ——1050 °C
300 350 400 450 500 550 600 650 ——1100°C

temperature in °C
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Figure 6 Continuous heating X5CrNiCuNb16-4 conv
transformation diagram for mass fraction C ~ Si Mn  Cr
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X5CrNiCuNb16-4 LBM
mass fraction C Si Mn Cr Mo N Cu Nb
0.013 0.34 0.22 16.65 0.014 4.32 4.15 0.296

Mo Ni Cu Nb

conventional material and as-built for the LBM
material, respectively. Comparing the two steels,
differences are seen, see Fig. 6a, b. The LBM materials
show higher transformation temperatures. Whether
this difference is due to the production route (con-
ventional vs. LBM) or due to the deviation in chem-
ical composition (especially Cu-content, see Table 1)
has not been investigated up to now.

To investigate the influence of different initial heat
treatment conditions, as shown in Fig. 7, shows a
comparison of heating DSC for four initial conditions
of X5CrNiCuNb16-4 conv during continuous heating
with 0.1 K/s. We compared two cooled conditions
with remaining supersaturation (rapidly quenched at
100 K/s and cooled at 0.01 K/s) with two aged

0.4 1heating of X5CrNiCuNb16-4 conv at 0.1 K/s

o
w
1

o
N
1

— 0.01KI/s
— 100 K/s
— 100 K/s + 480 °C, 60 min

— 100 K/s + 480 °C, 1800 min

400 600 800 1000
temperature in °C

excess specific heat capacity in Jg 'K
o

200

Figure 7 Comparison of the initial conditions  of
X5CrNiCuNb16-4 conv during continuous heating: quenched at
0.01 K/s, quenched at 100 K/s, quenched at 100 K/s + 480 °C,

60 min and quenched at 100 K/s + 480 °C, 1800 min.
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conditions (peak aged condition: 480 °C, 60 min [27]
and an overaged condition: 480 °C, 1800 min). Com-
paring the heating of the as-quenched state with the
state cooled at 0.01 K/s, both conditions show a clear
precipitation peak between about 400 and 500 °C. In
the slower cooled condition, the peak area is
decreased due to lower initial supersaturation. In
contrast, during heating of the aged conditions, no
precipitation peak is seen, but instead, the subse-
quent endothermic peak is substantially broadened
and begins at lower temperatures. Moreover, this
endothermic peak has now a shoulder at 530 °C. This
additional endothermic reaction consequently relates
to the dissolution of the Cu-rich precipitates formed
during the preceding ageing process. i.e. when con-
structing a CHT diagram of an initially aged state, Cu
dissolution can already start in the ferritic/marten-
sitic matrix before austenitisation.

Continuous cooling from solution treatment
temperature

In Fig. 8, selected continuous cooling curves of
X5CrNiCuNb16-4 LBM obtained by dilatometer
(Fig. 8a) and DSC (Fig. 8b) are shown. In the
dilatometer during cooling, only the martensitic
transformation is detected, while DSC also clearly
shows a two-stage exothermic precipitation reaction,
ranging from about 1000 to 780 °C. We denote those
as high-temperature precipitation (HTP, ~ 1000 to
880 °C) and low-temperature precipitation (LTP, =~
880 to 680 °C).

In Fig. 9a, continuous DSC cooling curves of
X5CrNiCuNb16-4 LBM are shown. In Fig. 9b, the
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Figure 8 Selected continuous
cooling curves of
X5CrNiCuNb16-4 indicating
the determination of
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Figure 9 a Continuous DSC
cooling curves of (a)
X5CrNiCuNbl16-4 LBM,

b hardness profile and specific
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specific precipitation enthalpy (integrated area from
precipitation peaks) and the hardness in the as-
quenched and the aged condition are plotted
depending on cooling rate. From Fig. 9a, the kinetic
development of the two quench-induced precipita-
tion reactions can be assessed in a broad range of
cooling rates. HTP dominates at slow cooling at
0.01 K/s and it is increasingly suppressed with
increasing cooling rate. LTP first increases its pre-
cipitation enthalpy. With further increasing cooling
rate, the LTP is suppressed also. This happens at
cooling rates at which the HTP is suppressed nearly
completely. This type of kinetic behaviour, i.e. the
interplay between a precipitation reaction at higher
temperatures and a subsequent one at lower tem-
peratures is known for other age-hardening alloys,

excess specific heat capacity in Jg

0 200 400 600 800 1000 1200
temperature in °C

® hardness after additional 480 °C, 60 min

(b)16- O as-quenched r 500
o specific precipitation enthalpy ' L 480
<14 i
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S 8- | A
5 . fo 8
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3 N [
= 2 NI~ | 300
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10* 10% 102 10" 10° 10" 102
cooling rate in K/s

including a wide range of Al alloys and Mg alloys
[28].

For X5CrNiCuNb16-4 conv, even during slow
cooling at 0.01 K/s, only one precipitation peak is
seen between about 800 to 640 °C, as shown in
Fig. 10a. However, the results shown in Fig. 7 indi-
cate a substantial remaining supersaturation after this
slow cooling. In comparison with Fig. 9a, we assume
this peak to belong to the LTP and expect that an HTP
will be present if cooling would be performed even
slower (which is not possible with an acceptable sig-
nal to noise ratio in the DSC instrument used here).

From the hardness in the as-quenched and aged
conditions, as shown in Figs. 9b, 10b, critical cooling
rates (CCR) to suppress premature Cu-precipitation
of 10-20 K/s for the LBM steel and about 1 K/s for
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Figure 10 a Continuous DSC
cooling curves of
X5CrNiCuNb16-4 conv,

b hardness profile and specific
precipitation heat depending
on the cooling rate.

°o®
N~
—

excess specific heat capacity in Jg 'K ™

0.3KIs

0 200 400 600 800 1
temperature in °C

the conventional steel can be determined. Above
these rates, the hardness in the aged condition
reaches a saturation level. Interestingly, the as-
quenched hardness for both alloys shows a maxi-
mum for cooling rates about one to two orders of
magnitude slower. This indicates a direct hardening
contribution of the fine quench-induced precipitates
formed in this cooling rate range, i.e. the LTP. This
behaviour has previously been shown for some age
hardening Al- and Ni-based alloys [15, 28].

The changes in the microstructure related to the
precipitation reactions observed in DSC can be
assessed in Figs. 11 and 12. From Fig. 11, in OM
images, copper-coloured polygonal-shaped precipi-
tates are seen. At the slowest cooling rate applied
here, 0.0001 K/s, they reach dimensions of up to
some um and substantially decrease in size with
increasing cooling rate. The systematic change in size
with increasing cooling rate proves that those parti-
cles originate from cooling. In detail, particularly

Figure 11 Microstructure
development of
X5CrNiCuNb16-4 LBM with
varying cooling rate from
1100 °C in OM in two
magnifications.

0.0001 K/s
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seen from the 0.0001 K/s image, there are two pop-
ulations of quench-induced copper-coloured precip-
itates, some very coarse and some finer. It is expected
that the larger particles originate from the HTP, while
the smaller particles might originate from the LTP. In
SEM those particles appear bright. SEM-EDS
revealed that those precipitates are enriched in Cu
indeed (Fig. 13). Based on their size and the above-
mentioned precipitation sequence [7, 8], we expect at
least the coarse particles to be fcc-Cu. The dark
spherical spots seen in Fig. 11 are pores from the
LBM process.

HAADEF-STEM on samples cooled at 0.03 K/s also
shows two populations of Cu-rich precipitates in
Fig. 14. There are few potentially globular particles
with diameters of about 100 nm and several smaller
particles with sizes of about 10 to 30 nm. For the
larger ones, STEM-EDS showed enrichment in Cu
and enrichment in Ni seems possible (EDS spectrum
(028) in Fig. 14c). From the similar contrast of the

0.001 Kis
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Figure 12 Microstructure
development of
X5CrNiCuNb16-4 LBM with
varying cooling rate from
1100 °C in SEM.

0.0001 K/s

Figure 13 SEM-EDS maps
showing Cu enrichment in the
coarse quench-induced
particles from the HTP of very
slowly cooled (0.0001 K/s)
X5CrNiCuNbl16-4 LBM
samples.

smaller ones, we also conclude a Cu enrichment. The
EDS spectra of a grain containing a large number of
the addressed smaller particles (030) and grain
without precipitates (026) are shown in Fig. 14d. The
comparison of both suggests enrichment in Cu as
well as in Ni for the smaller particles. The enrichment
of the quench-induced precipitates in Cu but poten-
tially also in Ni is consistent with earlier findings on
the precipitation sequence [9] but needs further
investigation in future. The increased as-quenched
hardness at this cooling rate (Fig. 9) suggests that the
quench-induced particles give an own hardening
effect, which would fit the 10 nm size of the smaller
particles seen in Fig. 14. As indicated above, some
grains contain a high number density of quench-in-
duced precipitates, while other grains seem to

13253

0,001 Kis

contain very little of those. In Fig. 15, a STEM bright-
field image shows substantial contrast differences
between the two types of grains—within the grain in
which a high number of quench-induced precipitates
is seen, the BF-STEM images indicate a high density
of dislocations. In contrast, the grain without pre-
cipitates seems also to contain much fewer disloca-
tions. This might hint on the nucleation mechanism
of the quench-induced precipitates. In general, in this
type of steel, a high density of dislocations is known
to complicate the TEM investigation of the age-
hardening precipitates [7, 29].

STEM-EDS additionally shows Nb-rich particles
(probably niobium carbides) at intersections of grain
boundaries, compare EDS spectrum (027) in Fig. 14c.
In the OM-images, the niobium carbides appear grey.

@ Springer
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Counts

Counts

Figure 14 a, b HAADF-STEM images of Cu-rich precipitates in
X5CrNiCuNb16-4 LBM samples cooled at 0.03 K/s and marked
areas for EDS investigation. Two populations of precipitates are
seen: some few globular ones with & &~ 100 nm (probably
originating from the HTP at this relatively fast cooling rate) and

Those particles are very rarely found, particularly
after very slow cooling. They may contribute an
additional precipitation reaction at very slow cooling
rates in DSC.

The complete continuous cooling transformation
diagrams for both steels X5CrNiCuNb16-4 consider-
ing the quench-induced precipitation of Cu-rich
phases are shown in Fig. 16. In comparison to Fig. 2,
it becomes obvious that this steel is not as quench
insensitive as expected. Instead, premature Cu-
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several much smaller ones with &J &~ 10 to 30 nm (probably
originating from the LTP); ¢, d EDS spectra of relevant particles,
spectra in (c) corresponds to areas 027 and 028 in (b), while
spectra in (d) correspond to areas 026 and 030 in (b).

precipitation takes place at industrially relevant
cooling rates, which significantly influence the hard-
ness after ageing. The differences in CCT diagrams
regarding production routes (conventional vs. LBM)
and chemical composition (especially Cu content, see
Table 1) needs further investigation. Furthermore,
the LBM material has been austenitised at a higher
temperature of 1100 °C (conventional 1040 °C)
because the CHT diagram in Fig. 6b requires higher
temperatures for Cu dissolution.



J Mater Sci (2020) 55:13244-13257

Figure 15 Bright field STEM image of the same sample area in
shown Fig. 14, indicating a substantial difference in the
dislocation density between grains that contain a higher or,
respectively, low number of quench-induced precipitates.

Conclusions

Based on a comparative approach of dilatometry and
differential scanning calorimetry (DSC) for the in situ
analysis of precipitation and dissolution reactions
during continuous heating and cooling of martensitic
precipitation-hardening steels on two variants of
X5CrNiCuNb16-4, we can conclude the following;:

e Compared to dilatometry, DSC is much more
sensitive to precipitation and dissolution reactions
affecting volume fractions of a few per cent.
Precipitation during continuous cooling from

Figure 16 Continuous

cooling transformation mass fracion C  Si Mn  Cr
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solution temperature is well seen in DSC, while
it is not detected in dilatometry.

A substantially improved continuous heating
transformation (CHT) diagram was derived,
which particularly includes the important aspect
of Cu dissolution and its heating rate specific
solvus temperature.

A substantially improved continuous cooling
transformation (CCT) diagram was derived,
which for the first time includes the formation of
quench-induced Cu precipitates.

The hardness in the aged conditions indicates
critical cooling rates of 10 to 20 K/s for the higher
concentrated LBM material and about 1 K/s for
the conventional material.

For the LBM steel, a two-stage precipitation
sequence was found for the slower cooling rates
(two precipitation peaks, denoted high-temperature
precipitation (HPT) and low-temperature precipita-
tion (LPT)).

Optical, scanning electron and scanning transmis-
sion electron microscopy reveal Cu-rich quench-
induced precipitation, which substantially
decreases in particle size with increasing cooling
rate. Within the LBM material after cooling at
0.0001 K/s, particles from the HTP reach dimen-
sions up to some few pum, while at the relatively
fast rate of 0.03 K/s, the globular particles from
the LTP have J of about 10 to 30 nm.

X5CrNiCuNb16-4 conv; austenitisation 1040 °C, 30 min  X5CrNiCuNb16-4 LBM; austenitisation 1100 °C, 30 min
Ni  Cu Nb massfraction C Si Mn Cr Mo Ni Cu Nb

diagram for X5CrNiCuNb16-4 in % 0.017 047 0.59 1541 0.153 4.59 3.02 0.290 In%1100 0.013 0.34 0.22 16.65 0.014 4.32 4.15 0.296
a conv; b LBM. () 1000: (b) 10004
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