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ABSTRACT

Sustainable and lightweight manufacturing processes are essential for reducing greenhouse gas emissions and
conserving resources. The novel TISTRAQ-process combines a two-stage, short-time heat treatment with an
advanced heating and non-isothermal hot forming strategy, thereby ensuring high material and energy effi-
ciency. In this work, a simplified laboratory-scale test stand was developed, enabling direct electric resistance
heating and subsequent tool-based quenching of Ti-6Al1-4V sheet strips under near-process conditions, but
without the complexity of simultaneous forming. The setup allows systematic variation of key process parameters
with minimal material consumption, an approach applied in this study to investigate their influence on material
properties. Finite element simulations supported the test stand design and provided a valuable understanding of
temperature inhomogeneities and their relevance for microstructural evolution and process control. The paper
provides detailed insights into (i) the design and capabilities of the test stand, (ii) simulation-based evaluation of
temperature homogeneity, (iii) the TISTRAQ process route - including resistance heating, tool-based quenching,
and additional short-time annealing, (iv) the resulting microstructural and mechanical properties, and (v) the
material response to critical parameters. Experimental results confirm the high potential of the TISTRAQ-process
to enhance the tensile strength of Ti-6Al-4V. The solution heat treatment temperature and time delay prior to
quenching were identified as critical parameters due to their strong influence on microstructure and mechanical
behavior. Overall, the study demonstrates how tailored process control can unlock the material potential of
Ti-6Al-4V. It also indicates a good scalability of the TISTRAQ-process for lightweight, resource-efficient pro-
duction of next-generation titanium alloy sheet parts.

1. Introduction

resulting in long processing times and high costs. The main cost drivers
are the high energy consumption and measures for oxidation prevention

Ti-6Al-4V is one of the most widely used titanium alloys in the
aerospace industry, due to its balanced properties such as high specific
strength, adequate fatigue strength and excellent corrosion resistance.
Its application as thin-walled sheet metal components is also of high
interest. However, the forming process requires special measures, often
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when hot forming comes into play. The hexagonal crystal structure of
the two-phase titanium alloy Ti-6Al-4V results in limited formability,
significant anisotropy of the mechanical properties and pronounced
tensile-compressive asymmetry, also known as Bauschinger effect [1,2].
Sheet metal parts made of titanium alloys exhibit a strong springback
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behavior, which is due to the high elastic energy absorption of the
material and leads to deviations in terms of dimensional accuracy [3,4].
Therefore, extending the forming limits of titanium alloys is crucial for
the effective production of thin-walled sheet metal parts. Hot forming
offers great potential in this respect [5]. While isothermal hot forming is
used for simple components, superplastic forming using gas pressure is
suitable for more complex components [6-9]. Kopec et al. [10] observed
an anomalous increase in ductility of Ti-6Al-4V in the isothermal hot
tensile test with increasing temperature starting from 700 °C. At lower
strain rates and a temperature of 750 °C the material exhibited super-
plastic material behavior in the investigations by Salishchev et al. [11].
Britton et al. [12] attribute the increased ductility at higher tempera-
tures to the activation of additional slip systems with respect to the
pyramidal plane. The studies conducted by Chen et al. [13] and Zong
et al. [14] demonstrate that springback is substantially reduced by the
process of hot forming. The drawbacks associated with isothermal hot
forming include the necessity for an additional protective gas atmo-
sphere, the long process times that are concomitant with increased
exposure times and a-case formation, the high energy consumption and
the substantial thermal wear of the tools [2].

Non-isothermal hot forming processes have been developed to
counteract the disadvantages associated with isothermal hot forming,
thereby enabling more efficient forming of titanium alloys. In contrast to
isothermal hot forming, only the sheet metal is heated to the forming
temperature, while the tools remain at room temperature [15].

Due to the rapid cooling rate of sheet metal during the forming
process, relatively high transfer and forming speeds are necessary [16].
In the research conducted by Odenberger et al. [15] and Kopec et al.
[10], a blank was initially heated in a furnace, subsequently transferred
to a forming tool and successfully formed. Hamedon et al. [17] inves-
tigated the effects of resistance heating on the process of forming and
found that it not only improved formability, but also established a direct
correlation between springback behavior and preheating temperature.
Building upon these findings, Ozturk et al. [18] utilized an identical test
setup at 900 °C, thereby achieving a complete suppression of spring-
back. In another study by Ozturk et al. [19] the advanced industrial
potential of non-isothermal hot forming on a 550 mm long demonstrator
part using resistance heating has been demonstrated.

It is evident that a combination of heat treatment and non-isothermal
hot forming, as it is the case with press-hardening of steel or hot forming
of aluminum, can yield a notable enhancement in efficiency [20-22].
For press-hardening, a steel-sheet undergoes austenitization, followed
by quench-forming using water-cooled tools. The cooling rates achieved
in this process are comparable to those of water quenching [16].

In previous work, Pfeffer et al. [23] solution heat treated Ti-6Al-4V
sheet material in the upper a+p two phase region and subsequently
quenched it in water. The resulting a+o'-microstructures in this alloy
system are a customary outcome when high cooling rates above a critical
value are implicated by which a non-diffusional martensitic trans-
formation (p — «') is caused. Consequently, such a+«-microstructures
are also expected after non-isothermal forming in water-cooled tools.
These microstructures are characterized by a lower yield strength, a
similar ultimate strength, but significantly better work hardening
behavior and improved ductility compared to the as-received rolled and
mill annealed material [23]. Similar findings have also been described in
other works, that have been carried out on Ti-6Al-4V alloy, but not on
thin sheet material [24-27]. Accordingly, the martensite in the
Ti-6Al-4V o+o-microstructures does not have a direct hardening effect,
in contrast to the martensite in carbon-containing steels, in which
interstitial C-atoms evoke an increased hardness due to a distortion of
the martensitic lattice structure [28-30]. However, in previous work by
Pfeffer et al. [23], a significant increase in strength of the Ti-6Al-4V
sheet material was achieved by an additional short-time annealing at
570 °C for 180 s, followed by air cooling, subsequently to the solution
heat treatment and quenching step. This increase was attributed to
nano-scale microstructural changes within in the martensitic
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transformed prior B-phase, most likely reflecting an initial stage of
martensite decomposition. Further results from the literature on
Ti-6Al-4V also indicate a potential for increasing strength through
subsequent annealing of o+ microstructures [31-34].

In light of the extant literature and bringing their main findings
together, our primary objective is to develop an energy-efficient process
for the production of Ti-6Al-4V sheet parts that makes efficient use of the
Ti-6Al-4V sheet material and maximizes its potential. This process,
denoted as “TISTRAQ”-process, will involve two steps:

1. Direct electric resistance heating, short-time holding at target solu-
tion heat treatment temperature and rapid quench-forming (or even
only quenching) by means of water-cooled tools.

2. Subsequent short-time annealing in a furnace in order to specifically
influence the material properties.

An additional post-processing surface treatment step may be neces-
sary for applications requiring compliance with specific standards.
Notably, for aerospace components, such treatments are mandated.

This work had several objectives, which are subordinate to the main
objective. One primary goal was to develop a simplified laboratory-scale
test stand at HEGGEMANN AG based on the TISTRAQ-process, but
initially disregarding the forming. This test stand was aimed at facili-
tating direct resistance heating of sheet metal strips and subsequent
quenching of the strips using water-cooled tools. By this it was sought to
enable a systematic evaluation of the influence of TISTRAQ-specific
process parameters with only a moderate material consumption. The
simplified consideration without the forming was deliberately chosen to
avoid the interaction of different effects and thus ensure the isolation of
specific process parameters. In order to gain information on the homo-
geneity of temperature in the resistance heated Ti-6Al-4V sheet strip, a
further goal was a finite element simulation of the temperature field.
Therefore, the Ansys LS-DYNA® software [35] was utilized and material
properties from literature used as input-values. Lastly, the utilization of
the developed test stand was intended to achieve two primary objec-
tives: firstly, to demonstrate the material potential of the Ti-6Al-4V alloy
through the TISTRAQ-process, and secondly, to evaluate the influence of
TISTRAQ-specific process parameters on the microstructure and me-
chanical properties of Ti-6Al-4V sheet material, with the latter also
identifying critical process variables. To this end, a set of promising
parameters for TISTRAQ-related processing was defined based on
material-scientific preliminary tests conducted at the Institute I of FAU
as partially published in Ref. [23] and in alternative literature. This
standard parameter set was utilized as a base from which specific pa-
rameters were systematically varied. The general material evolution
along the processing chain as well as the effect of two critical parame-
ters: (i) solution heat treatment temperature and (ii) time-delayed
quenching are addressed in the results section of this paper. The pro-
duced resistance heated and tool quenched (RHTQ) material states were
characterized. The same was done after an additional annealing at 570
°C for 180 s, which was performed in a vertical furnace. The evaluation
of the microstructure was facilitated by the use of scanning electron
microscopy (SEM) and high-resolution X-ray diffraction (HRXRD). The
mechanical properties were characterized by means of hardness and
tensile tests.

Some aspects of the present study have already been addressed in the
conference papers [36,37]. However, this paper builds upon those works
by providing a more in-depth analysis in selected areas, introducing
additional topics, and offering a broader and more holistic perspective
on the major topic.

2. Experimental setup and methodology
2.1. Development of a laboratory-scale test stand and sample production

A dedicated test stand was developed comprising a resistance
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heating unit for solution heat treatment and a quenching unit for tool-
based quenching of the Ti-6Al-4V alloy specimen. Both system compo-
nents are connected to each other via a linear guide and build the tool-
based heat treatment test stand, as depicted in Fig. 1. The test stand is
controlled using LabVIEW from National Instruments. A comprehensive
description of the design and the testing procedure is provided in Section
3.1.

The specimen geometry for heat treatment in the tool-based heat
treatment test stand is shown in Fig. 2. The specimen is 163 mm long
with a heating length of 123 mm. The standard specimen width is 11
mm. In addition, specimen widths from 6 mm to 40 mm can be used to
cover a wider range of achievable surface pressures. The two 4.5 mm
holes, compare Fig. 2, are used to position and fasten the specimens to
the copper clamps of the heating unit. The samples are cut from the sheet
metal using a 2D laser cutter, deburred and then cleaned with ethanol. A
hole of 0.6 mm diameter and 2.5 mm depth is drilled in the center of the
sample to measure and control the sample temperature.

2.2. Definition of the simulation model

The simulation results presented in Section 3.2 were obtained using
the finite element (FE) LS-DYNA software. A key advantage of LS-DYNA
is its capacity to serve as a versatile, finite element system incorporating
explicit and implicit time integration schemes, thereby enabling the
modeling of the targeted multi-physics problems within a single simu-
lation model. This capability is a consequence of the coupling of the
electromagnetic (EM) solver with the thermal solver and the mechanical
solver.

To simulate the test stand, a FE-model of the specimen was designed,
incorporating boundary conditions, compare Fig. 3, and material
properties. The mechanical, electrical and thermal material properties
employed as input values for the simulation of the titanium alloy were
partially derived from calculations executed with the JMatPro® soft-
ware [38] in previous studies conducted by Kaiser et al. [36] and
partially sourced from the VDI Heat Atlas [39]. In order to ensure the
accuracy of the calculation of the temperature gradient within the
Ti-6Al-4V sheet strip, the solid model was meshed with an element size
of 0.5 mm. Additionally, in order to model the geometric resolution of
the drill hole with a sufficiently high accuracy, a smaller element size of
approximately 0.15 mm was chosen in the area of the drill hole.

Quenching
unit

Heating Unit

Linear guide 100 mm

Fig. 1. Tool-based heat treatment test stand with integrated heating and
quenching unit for solution heat treatment and quenching on a laboratory scale.
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Furthermore, the peripheral zones between the drill hole and the outer
skin were meshed with three elements and an element edge length of
approximately 0.08 mm instead of one single element. This resulted in
an improved resolution of the temperature gradient.

In the simulation, an initial ambient temperature of 25 °C was set
using the *INITIAL TEMPERATURE SET keyword. In order to describe
the cooling of the copper clamps at the edge regions of the specimen in
the FE model, shown in red in Fig. 3, the outer segments of the edge
regions were subjected to a convection boundary condition with respect
to 25 °C and a constant heat transfer coefficient. The outer segments of
the center sample area that were not covered or unaffected by copper
clamps but instead only affected by the ambient atmosphere are
depicted in brown in Fig. 3. These segments were provided with con-
vection and radiation boundary conditions relative to calm air at 25 °C.

In order to model resistance heating, isopotentials were defined, at
the points of contact between the copper clamps and the specimen, using
the keyword *EM ISOPOTENTIAL. The use of the keyword
*EM_ISOPOTENTIAL CONNECT enabled the connection of the two iso-
potentials, thus allowing for the specification of various electrical
boundary conditions, such as voltage, electric current and resistance
[40]. In the present case, the electric current was specified with the
objective of achieving a target temperature of 915 °C at the bottom of
the drill hole.

In the experimental setup described in Section 2.1, a hole with as
depth of 2.5 mm a diameter of 0.6 mm is equipped with a thermocouple
(TC) to measure the temperature in the metal strip. The thermocouple
was not modeled in the simulation since the temperatures can be post-
processed directly at the nodes. To account for the thermal mass of
the thermocouple, an additional convection boundary condition for the
hole was added. Since no convection is expected within the drill hole
containing the thermocouple, all surfaces of the drill hole were excluded
from the convection boundary condition.

2.3. Material characterization

2.3.1. Overview of material states taken into account

The initial Ti-6Al-4V Grade 5 sheet material with a thickness of 1 mm
was purchased from Lasting Titanium and was received in a rolled and
mill-annealed condition. Its chemical composition lies within the spec-
ified limits in AMS 4911 (for detailed composition, see Ref. [23]).
Ti-6Al-4V material states were produced by resistance heating and
tool-based quenching (RHTQ) in the developed laboratory-scale test
stand. Specifically, the pure RHTQ samples are indicative of a specific
heat treatment process involving solution heat treatment, followed by
quenching (STQ). Table 1 provides an overview of the experimental
series performed and the corresponding RHTQ-STQ conditions pro-
duced. To minimize the influence of material and experimental pro-
cedure and clearly isolate the effect of the process parameters (e.g., Tsr
or top), sheet strips were taken from comparable areas of the AR sheet
material, and the same thermocouple was used within one experimental
series.

All produced RHTQ-STQ material states were characterized both in
the RHTQ-STQ state and after an additional short-time annealing at 570
°C for 180 s. The annealing treatment was performed in a THERM-
CONCEPT ROC 105/610/15 vertical furnace according to the procedure
described in Ref. [23] for the short-time annealing step. The solution
heat treated and additionally annealed samples (STA) are hereafter
referred to as RHTQ-STA.

2.3.2. Sampling and sample preparation

Three specimens were taken from the core of one sheet metal strip for
microstructural analysis and hardness testing. The specimens were
marked with letters according to the orientation of the drilled hole
pointing upwards, as shown in Fig. 4: a) to the left of the hole, b) center,
c) to the right of the hole.

Sample a) was used for hardness testing, sample b) for scanning
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Fig. 2. Specimen geometry for tool-based heat treatment (orange area indicates heating range). (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

Isopotential 1 Isopotential 2
*EM_ISOPOTENTIAL *EM_ISOPC{I’ENTIAL
I'4

Closing the circuit
*EM_ISOPOTENTIAL_CONNECT

Copper
cooling

Drill hole

Fig. 3. Schematic depiction of the FE-Model for the resistance heated sheet
strip with the boundary conditions applied.

Table 1
Matrix providing an overview of the standard RHTQ-STQ condition, the varied
RHTQ parameters as well as the variations.

Standard STQ condition produced by means of RHTQ: heating rate 60 K/s,
nominal solution heat treatment temperature 915 °C. solution heat treatment time 60
s, closing velocity 21 mm/s, contact pressure 10 MPa, quenching delay time O s

Varied Parameter Variations

Solution heat treatment temperature Tsy
(nominal)
Quenching delay time top

875°C, 895 °C, 915 °C, 935 °C

0s,2s,45,65

electron microscopy (SEM) microstructural analysis, and sample c) for
high energy X-ray diffraction (HEXRD) microstructural characterization
of the respective sheet metal strip. The transverse direction (TD) of the
sheet was chosen as the observation and testing direction for samples of
type a) and b). The specimens for the hardness testing and SEM analysis
were embedded with the opposite side of the hole facing down and
prepared by wet grinding with SiC abrasive paper in several steps,
starting with 320 grit and ending with 4000 grit, and ensuring plane-
parallelism. It was further ensured that approximately 2 mm in TD

a) b) ¢

towards the site of investigation was removed in all cases in order to
ensure consistency and thus comparability between the different mate-
rial states. The SEM samples underwent an additional polishing pro-
cedure. The first polishing step consisted of a 3 pm diamond suspension
at a force of 20 N for 10 min. The final step was a chemo-mechanical
polish with a SiO, oxide polishing (OPS, from Schmitz Metallographie
GmbH) suspension to which a small amount of HyO5 (9:1 ratio) had been
added, at 15 N for 15 min. In contrast to samples a) and b) no further
preparation was applied for the samples used for HEXRD experiments
after cutting.

For tensile specimen production, four sheet metal strips per material
state were produced on the test stand using identical process parameters.
Tensile specimens with the geometry shown in Fig. 4 d) were then
machined from the sheet metal strips. This geometry fits to the
geometrical specifications for samples from flat products of thickness
0.1-3.0 mm given in DIN 50125.

2.3.3. Microstructural characterization and mechanical testing

On one hand microstructural analysis was conducted utilizing a Zeiss
Crossbeam 540 EsB SEM equipped with a Zeiss 4QBSD backscattered
electron (BSE) detector. The SEM-BSE analysis was performed on
microstructural samples (preparation compare Section 2.3.2) with the
following parameters: an acceleration voltage of 10 kV, a probe current
of 5 nA, and a working distance of 8.5 mm. In this manner, micro-
structural images were generated both from the interior and from the
near-surface regions of the samples, thereby illustrating microstructural
characteristics on the micro- and coarser nanoscale. The secondary
electron (SE) contrast and the identical parameters as listed above were
used to facilitate the visualization of oxides.

In order to reveal microstructural changes at the fine nanoscale level,
some of which are not visible in the SEM, HEXRD was used as an
additional method. The HEXRD experiments were conducted at the
Hamburg-based DESY facility, employing the Hereon-operated beamline
P07: High Energy Materials Science beamline. Ex situ measurements on the
HEXRD sheet samples (compare Section 2.3.2 for sampling) were con-
ducted at an X-ray energy of 103.3 keV (A = 0.120 A) and with a beam

TD

O B quenching area

no®RP

d)

Sampling for:

a) Hardness testing

b) SEM microstructural characterization

¢) HEXRD microstructural characterization
d) Tensile testing

~1'—

S
v
o L
I/ I s st
T [Te) i W

NN\ N 5

25 i

10 mm
82.5 | —

Fig. 4. Sampling from the RHTQ Ti-6Al-4V sheet strips: specimens for a) hardness testing in TD, b) SEM investigation in TD, ¢) HEXRD experiments and d) ten-

sile testing.
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spot size of 1 mm x 1 mm. The samples were irradiated in the normal
direction with the beam spot aligned to the sample center. To enhance
the quality of grain statistics, the samples were additionally rotated
+10° around the rolling direction axis. The distance between the sample
and the detector was 1630 mm, and the diffraction rings were recorded
using a PerkinElmer XRD 1621 area detector with a pixel size of 200 pm
x 200 pm.

An oxygen content analysis was conducted via carrier gas hot
extraction (CGHE) on a Leco TCH600 instrument in accordance with
ASTM E—1409. This analysis was conducted on the as-received material
and a resistance heated and tool quenched condition (with both oxide
and oxide removal). The oxygen content was measured throughout the
entire sample volume of cuboids measuring ~3.8 x 3.8 x 1 mm, which
were cut out of sheet strips using a wire saw. Per material state, three
cuboids were measured. The defined surface-to-volume ratio made it
possible to compare the oxygen content between the three conditions
and to estimate the oxygen absorption from the ambient atmosphere
during processing.

Macrohardness testing was carried out using a KBW 10-V Vickers
hardness tester of the company KW Priiftechnik. The Vickers hardness
was determined by indenting with a load of 5 kp (HV5) in the TD of the
hardness samples (preparation compare Section 2.3.2), and the mean
value was calculated by taking five indents per material state and
averaging them.

Tensile testing was performed to gain further information about the
deformation behavior of different material states. An Instron 4505 uni-
versal testing machine equipped with a Hegewald & Peschke control
system was utilized and tensile samples of the geometry shown above
were tested with an engineering strain rate of 10~ 1/s according to DIN
EN ISO 6892-1. The force was measured by a 20 kN load cell and the
displacement by a laserextensometer from Fiedler Optoelektronik GmbH.
Per material state, four tests were performed to guarantee statistics. The
mean characteristic values were built from at least three valuable tests
(N > 3).

3. Results and discussion
3.1. Process design and energy efficiency

The laboratory-scale test stand for resistance heating and tool-based
quenching is shown in Fig. 5 before and during solution heat treatment.
The Ti-6Al-4V sheet strip is resistance heated and solution heat treated
in the heating unit. This is followed by tool-based quenching in the
quench unit by direct heat transfer from the titanium sheet material to
the punches.

The heating unit is based on direct resistance heating, whereby heat
is generated in a current-carrying conductor with a resistor according to
Joule’s law. The sample is clamped between two water-cooled copper
clamps connected by copper wires to an AC transformer. In this way,
temperatures more than 1200 °C can be achieved at heating rates of up
to 60 K/s. A thermal compensation unit is installed to compensate for

Thermal Buffer element

compensation

Vertical
adjustment
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thermal expansion and to prevent buckling of the specimen during
heating. The applied tensile load is only 100 N to avoid plastic pre-
straining of the material at elevated temperatures. Four individual
threaded spindles are installed below the compensation unit for vertical
adjustment of the specimen position. A linear guide, on which the
heating unit is positioned, allows precise feeding of the specimen into
the quenching unit so that the specimen is quenched tool-based. Mul-
tiple insulators are installed at critical points to prevent short circuits.

The quenching unit is composed of a press with pneumatic syn-
chronous kinematics, which introduces force into two water-cooled
punches via stiffness-optimized brackets. In consideration of the geo-
metric constraints inherent to the kinematics, both sides of the punch are
moved towards each other synchronously. Consequently, the Ti-6Al1-4V
specimen is contacted and quenched simultaneously on both sides. The
applied force ranges from 1.5 to 9.75 kN, with the option to varying the
pressure via the specimen width.

The punches are made of hardened Cr7V-L hot-working tool steel,
with a hardness of 55 HRC to avoid excessive tool wear and to ensure
good thermal conductivity. The contact surface measures 82 x 50 mm,
with a thickness of 30 mm (see Fig. 6 a)). The integration of tool cooling
is a crucial aspect of the testing series, as it prevents the punches from
overheating and enables efficient heat treatment. The cooling of the
punches is facilitated by a circulation cooling unit and integrated cool-
ing channels with a diameter of 9 mm, which are located 12.5 mm below
the surface. The design of the cooling channels has been simulated with
LS-DYNA to ensure that there is no direct influence of the punch cooling
on the cooling behavior of the sample, thus ensuring the integrity of the
test. The punch temperatures are measured using a 2 mm NiCr-Ni
thermocouple (type K — class 1) with a grounded measuring tip. To
this end, a hole with a diameter of 2.1 mm and a depth of 25 mm was
drilled 2 mm below the surface of the punch (see Fig. 6 a)).

The use of rubber-based buffer elements with a hardness of 65 + 5
Shore A between the punches and the brackets compensates for
manufacturing tolerances in the quenching unit and facilitates uniform
contact with the specimen, as shown in the measurements using pressure
measuring foil in Fig. 6 b). This is essential to ensure uniform cooling of
the specimen.

The surface of the punches has been ground to achieve a high degree
of flatness and surface quality (see Fig. 6 c¢). As shown in Fig. 6 d), a 4.5
x 2.5 mm section of the ground punch surface was measured using a 3D
profilometer (VR3200, Keyence) with a white light strip projection. The
resultant average roughness depth, R,, was determined to be 3.64 +
0.69 pum. It is evident that the grinding process has yielded a surface that
is particularly even and homogeneous, with only minor residual un-
evenness. Due to this, a uniform and high heat transfer between the
rolled Ti-6Al-4V surface and the punches can be achieved [16].

The measurement and control of the sample temperature is achieved
as follows: Drilling a hole in the center of the sample with a diameter of
0.6 mm and a depth of 2.5 mm and positioning a NiCrSi-NiSi thermo-
couple (type N - class 1) with an insulated measuring tip and a diameter
of 0.5 mm in it. The thermocouple is affixed in the drill hole and a

Fig. 5. Tool-based heat treatment test stand with integrated heating and quenching unit for solution heat treatment and quenching.
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Fig. 6. a) isometric view of the stamp geometry, b) pressure distribution on the contact surface between the punches, c) real stamp surface and d) microscopic image

of the surface roughness of a 4.5 x 2.5 mm section.

graphite-based heat-conducting paste is applied to ensure optimal heat
transfer within the drilling and thus precise temperature measurement.
The measurement and data acquisition of the sample and punch tem-
peratures is carried out with the NI 9213 measuring amplifier from
National Instruments at a frequency of 50 Hz. For reproducibility of the
temperature measurement, the type N thermocouples of the sample are
referenced before and after each test series using a calibrated type N
thermocouple and the temperature deviation is taken into account as an
offset. To ensure consistent process conditions, the heating unit is
controlled and the acquisition of data is facilitated by utilizing the
LabView graphical programming environment from National Instruments.
The duration of the process, the punch and sample temperatures, the
control voltage, and the pressure are systematically recorded.

The tool-based heat treatment is comprised of three phases: heating,
solution heat treatment, and quenching (see Fig. 7 a)). The procedure is
initiated with the clamping of the specimen in the test stand, followed by
the positioning of the thermocouple within the frontally drilled hole.
Subsequently, the heating unit is positioned between the punches. A
tensile load of 100 N is applied to the sample by the thermal

a)
91000 i : 915°C,60s
£ 800+ i {
o : H
§ 600 - ; !
& a0f | | |
£ 200{ /@D @ @
[ 0 . . . :'
0 20 40 60 80 100
Timeins

(1) Heating phase

compensation unit to prevent buckling due to thermal expansion. The
sample is then heated at a linear heating rate of maximum 60 K/s. The
heating phase ends as soon as a temperature of 10 K below the solution
heat treatment temperature is reached. To prevent creep effects, the
thermal compensation is switched off during this phase. During the so-
lution heat treatment phase, the sample temperature is controlled by a PI
controller to within +4 K, which corresponds to a deviation of 0.44 %
from the set temperature (see Fig. 7 b)). The solution heat treatment is
timed, and the pneumatic drive unit is manually actuated to start the
specimen quenching process. Due to the high heat transfer coefficient
and the low surface roughness, cooling rates of up to 1600 K/s are
achieved within a temperature range of 800 °C-500 °C.

The recently developed test method for tool-based short-time heat
treatment offers a potential for material-saving and process-oriented
characterization of the TISTRAQ process on a laboratory scale. Resis-
tance heating facilitates efficient, rapid, linear heating of the specimen
with high heating rates and good control accuracy during the solution
heat treatment process. Compared to heating in an electric furnace,
resistive heating has a particularly high efficiency of 90-96 % due to the
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Fig. 7. Temperature profiles in the tool-based heat treatment test stand with the three phase 1. heating, 2. solution heat treatment, and 3. quenching: a) charac-
teristic process sequence and b) control accuracy of the temperature at solution heat treatment temperature.
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direct generation of heat in the material. In addition, the thermal mass to
be heated is limited to the sample itself. This allows short process times
due to the elimination of pre-heating time and high heating rates,
resulting in particularly low energy consumption i.e. energy efficiency.
The quenching unit, equipped with synchronous kinematics, facilitates
the precise reproduction of cooling processes through direct tool con-
tact, enabling cooling rates of up to 1600 K/s. The test stand is designed
for autonomous operation, allowing for the configuration of flexible
temperature profiles and the examination of diverse material combi-
nations. Ensuring reproducibility is a primary concern and several
measures have been implemented to this effect.

3.2. Temperature distribution as predicted from the simulation model

Fig. 8 shows the temperature distribution of the simulation model in
the sheet metal strip from different viewing perspectives: a) top view
(with position of the drilled hole of the thermocouple marked by an
arrow), b) cross sectional views A-A and B-B (which are relevant
regarding sampling for material characterization). From the top view
perspective in Fig. 8 a), an influence of the drill hole on the simulated
temperature distribution is clearly apparent. It was observed that the
presence of the drill hole causes an asymmetric temperature distribution
across the width of the specimen, spreading in an elongated oval shape
and increasing the heated area towards the end of the drill hole. The
maximum temperature of 918.7 °C is located at the center of the spec-
imen, which is defined as the point positioned at the height of the drill
hole, 5.5 mm in the width direction and 1 mm in the length direction.
The localization of the maximum temperature at the specimen center
and the elongated oval-shaped temperature distribution are attributed
to the reduced cross-section at the drill hole location, which in turn leads
to overheating at this point.

The underlying physical explanation for the occurrence of local
overheating at the site of reduced area can be explained as follows: It is
well established that in Joule heating, the electrical resistance is
inversely related to the cross-sectional area. Consequently, a reduction
in cross-sectional area, for example due to a drilled hole, results in a
local increase in resistance. According to Joule’s Law, this results in an
increase in the locally generated heat output, which in turn causes

a) Top view (in normal direction)
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overheating in this area. This relationship has also been discussed in
several studies, see for example [41-44].

As is apparent from the sectional views A-A and B-B in Fig. 8 b), the
specimen exhibits also an inhomogeneous simulated temperature dis-
tribution across the width and the thickness of the sample. Due to the
convection boundary conditions, the surfaces of the specimen exhibit
lower temperatures compared to the interior of the specimen, and a
gradual temperature gradient from the surfaces towards the center of the
specimen. The temperatures appearing at a particular position in the A-A
section are higher than those at the same position in the B-B section. It is
further notable that in the B-B section, the temperature field appears to
be slightly shifted from the center (in terms of width and thickness)
along the width axis toward the 0-width-position, i.e. towards the non-
drilled side of the sheet metal strip. In the experiment, the drill hole is
filled with a thermocouple, which had to be accounted for the boundary
conditions. However, as mentioned in the experimental section, the
thermocouple was not included in the FE model. Hence, in a simplified
approach the inner surfaces of the drill hole were excluded from the
convection boundary condition. Otherwise, a heat sink would form in
the drill hole, resulting in a more inhomogeneous temperature profile,
likely diverging to a higher extent from the real temperature field than
the results shown in Fig. 8.

The evaluation of the temperature at the node just at the root of the
drilled hole in A-A proved that the target temperature of 915 °C at this
position was successfully reached. A validation of the simulation by
means of experimental values will follow in Section 3.5.

3.3. Material potential — microstructural evolution and mechanical
properties

Fig. 9 displays SEM-BSE images of the following Ti-6Al-4V material
states: AR, and RHTQ material states, more specifically the RHTQ-STQ
standard and the RHTQ-STA standard (for designations compare Sec-
tion 2.3.1).

The microstructure of the AR material is characteristic of a rolled and
mill annealed material; it consists mainly of the a-phase (appears in
gray/as shades of gray), while only a small amount of the p-phase
(brighter phase) is present, being located along the o/a grain

- 0-width
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b) Cross sectional views A-A and B-B (distance 7.5 mm)
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Fig. 8. Simulated temperature distribution in the Ti-6Al-4V sheet strip heated to target temperature by direct resistance heating: a) top view and b) cross sectional
views. The FEM-simulation was performed with the LS-DYNA software, as described in Section 2.2.
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Fig. 9. SEM-BSE microstructural images of different Ti-6A1-4V material states: a) and d) AR-state, b) and e) short-time standard RHTQ-STQ state (60 K/s, 915 °C, 60
s, 10 MPa; for more details see Table 1) and c) and f) additionally short-time annealed RHTQ-STA state (RHTQ-STQ + 570 °C, 180 s, AC).

boundaries, compare Fig. 9 a) and d). A more detailed description of the
starting material can be found in Ref. [23], where the same as-received
material was used.

The RHTQ-STQ treatment results in a microstructure consisting of
primary o-phase (op) and martensitically transformed f-phase (Btrans),
compare Fig. 9 b) and e). This microstructure is due to the following
aspects: solution heat treatment in the higher two-phase region results in
an increased fraction of p-phase compared to AR, while subsequent tool-
based quenching provides sufficiently high cooling rates to ensure a non-
diffusional transformation of the prior f-phase to metastable hexagonal
o-martensite with the latter appearing as multiple plates in each prior
B-grain. The dual phase nature, i.e. a-phase present next to «-martensite
was proved by HEXRD measurements in Fig. A 1: in particular, the o/
reflections are significantly broader compared to the AR-state due to the
superposition of the spectra of hep a-phase and the additional o-phase.
This broadening arises from slightly different lattice geometries between
the two phases and the higher internal microscopic strain present in the
o-phase. The microstructural evolution is thus in general comparable to
that shown in Ref. [23] for a short-time solution heat treatment in a
vertical furnace followed by water quenching.

Although the mechanical data will be discussed in detail later, at this
point we would like to highlight some of the potential characteristics of
RHTQ-STQ conditions. Depending on the parameters, RHTQ-STQ con-
ditions can either exhibit a lower yield strength and higher uniform
elongation and work hardening than the AR material, as observed for
example with a Tsy of 875 °C, compare Fig. 13. On the other hand, some
RHTQ-STQ conditions may exhibit higher strength compared to the AR
condition, with increased work hardening but at a slight decline of
ductility, as observed for example with a Tst of 915 °C, compare Fig. 13.
From a more general point of view, the mechanical properties in this
material state are decisively influenced by the properties and the
interaction of both microstructural constituents, the o/-martensite and
the alternating aj-phase. The differing properties of these microstruc-
tural constituents result in a composite-like behavior under mechanical
loading. In this context, the particular deformation behavior of
o-martensite, including the reorientation of specific o-plates within a
B-transformed grain, as extensively described by O. Dumas et al. [27,34]
as the reorientation induced plasticity (RIP) effect, is assumed to play a
crucial role.

In summary, the a+o microstructure that forms in the STQ-step is
regarded to be beneficial for the targeted quench-parallel forming in the
final TISTRAQ-process, provided that suitable process parameters are
used. However, at this point it should be noted that the metastable state
of the martensite constitutes a drawback for the direct technological
application of the a-+o-microstructures, especially when elevated
application temperatures are considered. Furthermore, due to the
martensitic transformation a volumetric change takes place which has
the potential to strongly increase internal stresses.

From previous work, it was known that an additional short-time
annealing can be carried out on STQ Ti-6Al-4V material in order to
strengthen of the material [23]. In this study, we also found that there is
generally an increase in strength from each RHTQ-STQ state to its
respective RHTQ-STA state. From a microstructural point of view, the
RHTQ-STQ- and the corresponding RHTQ-STA states are indistinguish-
able from SEM-BSE alone, compare Fig. 9 b) and e) to ¢) and f). In Pfeffer
et al. [23], results from nanohardness measurements in combination
with HEXRD results have indicated that microstructural changes on the
nanoscale occur within Pyans during the short-time annealing. More
specifically, their HEXRD analysis revealed an initial stage of martensite
decomposition into equilibrium o+ phases, since small p-peaks
occurred in the STA-state, while the width of a/a-peaks decreased.
Further, they observed a significant increase of Bians-hardness from the
STQ- to the corresponding STA-state. Thus, it is assumed that following
an annealing at 570 °C for 180 s, fine p-precipitates form, contributing to
the enhanced strength observed in Pyanse However, further
high-resolution techniques are required for a detailed characterization.
In this work, it could be proved by HEXRD (appendix Fig. A 1) that the
microstructure from RHTQ-STQ to RHTQ-STA follows the same trend
previously observed from STQ-states produced in the vertical furnace
followed by water quenching to the corresponding STA-state [23].
Specifically, there is a narrowing of a/«’-peaks and an emergence of
small B-peaks.

It is also worth noting that Dumas et al. [34] reported recently, that
the RIP-effect is suppressed after an annealing at 500 °C in the time
range of 15 min to 6 h what was attributed to the decomposition of
martensite. It is reasonable that such suppression may also occur after
shorter annealing times.

From a technological point of view, according to our current
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knowledge, a comparable microstructural evolution and strength in-
crease from RHTQ-STQ to RHTQ-STA can also be achieved with an in-
dustrial furnace instead of a laboratory vertical furnace (as used in this
work) by adjusting the annealing parameters. Furthermore, the specific
selection of annealing parameters in the short-time regime seems to offer
the possibility of specifically influencing strength and ductility,
depending on the desired properties of the final component. However, a
discussion of the last two aspects would go beyond the scope of this
paper.

Fig. 10 illustrates the effect of RHTQ treatment on the near-surface
region of the Ti-6Al-4V sheet material as well as on its surface condi-
tion by a comparison of AR-state and the RHTQ-STQ standard.

For the AR condition, the following applies: The microstructure in
the near-surface region closely resembles that of the sheet interior,
compare Fig. 10 a) to Fig. 9 a). Additionally, the surface is free of oxides,
see Fig. 10 c). Thus, the AR sample is characterized by a typical gray-
metallic sheen, compare Fig. 10 e) and f).

For the RHTQ-STQ state, the SEM-BSE image in Fig. 10 b) reveals an
oxygen-influence, which is manifested by an increased a-fraction in the
near-surface region and gradates downwards up to ~15-20 pm towards
the interior of the sheet until the fractions are equal to the sample
interior. This increased a-fraction close to the surface can be attributed
to an increased content of oxygen as a result of its absorption by the
material during RHTQ processing in ambient atmosphere; deliberately,
the a-phase is stabilized by oxygen. Further, the surface of the RHTQ-
STQ state is characterized by an oxide of ~ 2-3 pm thickness, see
Fig. 10 d), and this oxide appears in brown on the sample surface,
compare Fig. 10 e) and f). HEXRD identified the oxide as TiOy Rutile
type (compare Fig. A 1, Fig. A 2, and Fig. A 4).

Oxygen analysis with CGHE showed an increase of oxygen content
related to a cuboid of ~3.8 x 3.8 x 1 mm (comparable surface to volume
ratio) from AR with 0.145 + 0.007 wt.-% (eq. 1450 + 70 ppm) to RHTQ-
STQ with 0.273 + 0.006 wt.-% (eq. 2730 + 60 ppm). It should be spe-
cifically noted that the oxygen content given for each material state
reflects an average of the oxygen content of the sample. It can be
assumed that the oxygen content within the RHTQ-STQ sample, as in the
AR, is still ~0.145 wt.-% (eq. 1450 ppm), while it is significantly higher
in the near-surface area and especially in the oxide. By CGHE after

AR

RHTQ-STQ standard
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polishing off the oxide it was possible to better distinguish between the
oxygen content attributed to the oxide layer from that of the oxygen-
affected subsurface region. The results from Fig. 10 f) indicate that the
increased average oxygen content in the entire cuboid from AR to
RHTQ-STQ can be attributed as follows: the oxygen content in the near-
surface region contributes to an increase of ~0.02 wt.-% (eq. 200 ppm),
while the oxygen content in the oxide accounts for an additional ~0.1
wt.-% (eq. 1000 ppm). Since aerospace specifications, as for example
AMS 4911, prohibit the presence of any oxide, a-case or an oxygen
content in the alloy exceeding 0.2 wt.-% (eq. 2000 ppm), it is therefore
necessary to implement a post-process surface treatment when consid-
ering the use of RHTQ parts for the aerospace industry. Potential
methods include sandblasting, chemical milling, or vibratory grinding.
In particular, with regard to the mechanical properties under cyclic
mechanical loading, which can be strongly influenced by the surface
finish, an evaluation of the effect of the surface treatment methods is
required. Corresponding investigations on the influence of the surface
condition of the RHTQ-STA material (untreated vs. post-process surface
treated) on the fatigue properties are currently in progress.

3.4. Influence of critical process parameters on material properties

It is known from Section 3.2 that the temperature field in the resis-
tance heated sheet metal strip is subject to a certain inhomogeneity. To
ensure a reliable and systematic evaluation of the influence of process
parameters, it was imperative to employ a consistent methodology. This
involves the utilization of a uniform location for the microstructural
examinations and extracting tensile test specimens from a designated
area, as presented in Section 2.3.2, to ensure consistency in the data
collection process.

Fig. 11 clarifies the effects of parameter variation of (i) solution heat
treatment temperature and (ii) time delay before quenching on the T-t
curves. While it is quite clear how the Tgy affects the T-t curve of the
RHTQ-STQ step, the impact of tgp is less straightforward. As well visible
in Fig. 11 b), during the delay time the samples cool down at a slower
cooling rate which was determined to ~30.4 K/s. This remains the case
until the water-cooled tools are closed to initiate quenching. Different
top result in different starting temperatures from which the samples are
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Fig. 10. SEM-BSE images of the near-surface region for a) AR and b) RHTQ-STQ standard reflecting the microstructure of the Ti-6Al-4V sheet material, SEM - SE
images of the surface region for c) AR and d) RHTQ-STQ standard emphasizing the oxidation during RHTQ treatment, e) a comparison of AR and RHTQ-STQ sheet

metal strips, and f) results of CGHE oxygen analysis.



N. Pfeffer et al.

Materials Science & Engineering A 945 (2025) 149015

1000 1000
o 2007 SRS S
°_ 800 N
£ £ goo____ﬂ\
® 700 o
£ 600 5
“é.’_ 500- ‘é’ 800
£ 400+ L 7504 —
[0} [} var. TST
5 3004 a "
£ £ 7004 875°C
£ 200 @ ——895°C
o 100 - 9 6501——915°C
—935°C
0 T T T T 600 T T T
0 20 40 60 80 60 65 70 75 80
Process duration in s Process duration in s

1000 1000
9] O 9504 0s
°_ 800 * 2s
£ £ 9004
® 700 0 ‘;S
———0bs
2 6001 51 oo
é’; 500 - “é& 8001
£ 4001 2 7504
) )
4 3004 1 —
£ £
S 200- 5
® 100 8504
0 T T T T 600 T T T
0 20 40 60 80 70 75 80 85 90
Process duration in s Process duration in s

Fig. 11. Temperature-time curves of the RHTQ-STQ samples arising from parameter variations starting from the RHTQ-STQ standard (compare Table 1): a) variation
of the solution heat treatment temperature Tsr (between 875 °C and 935 °C) and b) variation of the delay time to quenching top (between 0 s and 6 s). The sample

temperature was measured by a thermocouple placed in the drilled hole.

quenched with significantly higher cooling rates; the starting tempera-
tures are ~810 °C for tgp = 2 s, ~755 °C for top = 4 s and ~700 °C for
top = 6 s.

3.4.1. Solution heat treatment temperature

SEM-BSE images of RHTQ-STQ samples for the lowest (875 °C) and
highest (935 °C) nominal Tsy examined in this study are presented in
Fig. 12. Relevant excerpts of the HEXRD spectra are provided in the
Appendix (Fig. A 2).

These images in Fig. 12 demonstrate the trend of microstructural
evolution as a function of the solution heat treatment temperature in the
considered temperature range. With increasing Tsr from 875 °C to 935
°C, a significant change of the fractions of microstructural constituents
can be observed; more precisely, the fraction of martensitically trans-
formed prior f-phase increases, while the fraction of «;, decreases. This
trend was to be expected on the basis of the thermodynamic data of the
alloy system, which predict an increasing § phase fraction with
increasing temperature, and is consistent with the trends reported in the
literature [23-26]. The examination of HEXRD spectra of RHTQ-STQ

states as a function of Tsr reveals the presence of a dual phase
a+o-microstructure as reported by Pfeffer et al. [23], compare
Appendix Fig. A 2 ¢), e) and g). Further, slight differences in the shape
and asymmetry of the a/«-peaks indicate a change in the fractions and
lattice parameters of the o’-martensite phase as function of Tsy. Addi-
tionally, the HEXRD results demonstrate that the oxide thickness in-
creases with rising Tst, which is expected due to the exposure of the
material to higher temperatures (Fig. A 2 a); please note: the (110) TiO»
Rutile peak is the highest among all Rutile peaks and is isolated, making
it the most suitable for highlighting differences in the oxide.

A decrease in peak width of o/o/-peaks and the appearance of small
B-peaks were observed in HEXRD spectra of RHTQ-STA states (see
Fig. 2A d), f)) when compared to the RHTQ-STQ states. This observation
provides evidence on an initial stage of decomposition of o-martensite
towards aeq and Peq on annealing temperature as a result of the short-
time annealing. It thus aligns well with the proposed microstructural
evolution by Ref. [23], and the latter seems to be applicable to the entire
Tsr-range tested.

Fig. 13 shows representative stress-strain curves for the RHTQ-STQ

Fig. 12. SEM-BSE microstructural images of RHTQ-STQ material as function of the solution heat treatment temperature (60 K/s, var. Tgr, 60 s, 10 MPa): a) and c)
Tst = 875 °C and b) and d) Tst = 935 °C. Images a) and b) are overview images that reflect the increase of Pans fraction with increasing Tst whereas close-up images
of Byans-grains c) and d) show the changing nature of the transformed microstructure as a function of Tsy; the width of the o/-plates increases with increasing Tgr.
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and the additionally short-time annealed RHTQ-STA conditions as a
function of the Tgr, along with the corresponding evolution of the mean
characteristic values, which are further summarized in Table 2.

With increasing Tsr, the mechanical properties within the RHTQ-
STQ process develop as follows from Tsy = 875 °C to Tsy = 935 °C:
the YS is highly sensitive to Tsy and increases; the UTS also increases but
is less sensitive to Tst compared to YS; the UEL and the ELF decrease
with a significant drop >895 °C. After additional short-time annealing,
the strength increases significantly compared to the respective RHTQ-
STQ state at the expense of ductility to moderate values. Within the
RHTQ-STA states, the trend with increasing Tsy follows parallel course
with that observed in the RHTQ-STQ states: YS and UTS increase
markedly (except from 915 °C to 935 °C STA) whereas UEL and ELF
decrease, but this decrease is rather continuous, i.e. without a sudden
change from one Tgr to the other.

These trends identified in this study for the effect of Tsr under RHTQ
closely mirror those reported in previous work by Pfeffer et al. [23] for
short-time solution heat treatments in a vertical furnace, in which the
examination was performed on the same as-received material. This
consistency supports the hypothesis that the same microstructural fea-
tures govern the mechanical properties, regardless of the process-type
applied.

In the aforementioned work [23], it was also shown that, in addition
to the o, and Pyrans fractions and the «-martensite plate size, the chem-
ical composition of Byans, the fractions of various interface types (ap/a,
0p/Ptranss Perans/Prrans) and the total interface line density also change
with the Tsr. Furthermore, short-time solution treatments with different
Tst were found to result in a strong variability of the mechanical
properties of STQ-states. For example, an increase in the hardness of
Btrans With increasing Tgt was observed, which was attributed inter alia
to the increasing Al content in the same direction, since Al is known to
have a solid solution hardening effect. The numerous microstructural
factors that are dependent on Tgr, the variable relative hardness be-
tween the two microstructural constituents a;, and Pyans related to the
changing chemical composition of Paps, the composite-like character-
istics of the a-+o dual phase Ti-6Al-4V microstructures in general and
the rather stronger or weaker appearance of certain deformation
mechanisms, such as the RIP-effect, were considered to be responsible
for this high sensitivity of the mechanical properties across STQ-states.
Furthermore, it was proved that the hardening from STQ to STA state
is attributable to a hardening of Bans, what was attributed to an initial
stage of «’-decomposition. The hardening potential of a5 by additional
short-time annealing was found to decrease with increasing Tsr;
consequently, the V-content in Bans (decreasing with increasing Tsr)
was derived as playing a crucial role in this regard.

In comparison to Ref. [23], the determined phase fractions of the
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Fig. 13. a) Representative stress-strain curves of the RHTQ-STQ material states and
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RHTQ-STQ samples for a specific Tsy are higher in this work. This dif-
ference can be partially attributed to the inhomogeneity in the tem-
perature distribution during RHTQ. Specifically, a higher actual
temperature is expected in the center of the sample in the transverse
direction (TD) than at the point used for analysis. Additionally, within
the direct resistance heating technique and the sample geometry
employed in this study, deviations between the actual temperature, the
target temperature, and the simulated temperature are possible. These
variations and their potential causes are discussed in more detail after
the simulation validation in Section 3.5. It is plausible that these vari-
ations in phase fractions may contribute to the differences in mechanical
properties between the RHTQ-STQ states in this study and the STQ states
reported in Ref. [23]. Furthermore, the presence of an
oxygen-influenced near-surface layer and higher residual stresses in the
RHTQ-STQ states could also explain their comparatively higher strength
observed.

In summary, the Tst was identified as a critical parameter for the
TISTRAQ-process. Therefore, it is imperative that the lowest possible
deviation from the target temperature and a homogenous temperature
distribution within the sheet metal strip prior to quench-forming is
achieved in order to ensure successful process implementation.

3.4.2. Time-delayed quenching

Fig. 14 shows SEM-BSE images of RHTQ-STQ samples produced with
2's, 4 s, and 6 s time delays prior to quenching by means of water-cooled
tools. Corresponding excerpts of HEXRD spectra are attached in the
Appendix (Fig. A 4).

The SEM-BSE images in Fig. 14 reveal that the material states ach-
ieved for all three quenching delay times (2 s, 4 s, and 6 s) exhibit a slight
decrease in the fraction of Pyans after RHTQ-STQ processing when
compared to the standard RHTQ-STQ state with tgp = 0 s, as depicted in
Fig. 9 b) and e). Additionally, the a/Pans interfaces for all three states
produced with tgp depicted in Fig. 14 manifest a reduced smoothness
compared to the standard RHTQ-STQ state. These two observations
suggest that during cooling at a lower cooling rate, i.e. before the sheet
metal strip is finally tool quenched, the a-phase expands from the op-
phase in the direction of the prior f-grains. According to the thermo-
dynamic properties of the Ti-6Al-4V system, a decrease in the Tsy would
be expected to increase the a-phase content. However, for all three top
RHTQ-STQ material states, the fraction of Bans is larger than the theo-
retical equilibrium phase fractions at the quenching temperature would
suggest. This finding indicates that the kinetics are too slow to allow full
phase equilibrium to be established at the temperature within the short
time exhibiting the slower cooling rate prior to quenching.

Regarding Pians Of top = 2 s and top = 4 s material states,
o-martensite can be concluded as transformed microstructure as it the
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Table 2
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Mechanical data as a function of solution heat treatment temperature Tsr for RHTQ-STQ material states and RHTQ-STA material states (RHTQ-STQ + 570 °C, 180s,
AQ): yield strength at 0.2 % plastic deformation (YS), ultimate tensile strength (UTS), uniform elongation (UEL), and total elongation at fracture (ELF); based on at least

three valuable tests (N > 3).

RHTQ-STQ, var. Tgr YS in MPa UTS in MPa A UTS-YS in MPa UEL in % ELF in % HV5
875°C 866 + 6.8 1086 + 3.4 220 £7.1 9.9 £0.27 18.0 £ 0.31 347 £ 1.1
895 °C 927 +£15.3 1110 £ 7.3 182 + 8.5 8.9 £+ 0.58 17.5 + 1.66 347 £1.3
915°C 1026 + 4.2 1166 + 1.0 140 + 4.1 3.9 £ 0.50 11.9+1.29 368 £ 2.3
935 °C 1051 £9.0 1211 £ 6.2 160 + 4.8 2.4 +0.11 8.7 £1.61 380 £ 4.6
RHTQ-STA, var. Tsr YS in MPa UTS in MPa A UTS-YS in MPa UEL in % ELF in % HV5
875°C 1119+ 7.2 1226 £ 5.1 107 + 6.2 3.0 £0.12 11.5 + 0.39 384 +1.8
895 °C 1188 +18.2 1283 + 14.4 95 + 4.2 2.6 +0.20 10.1 £+ 0.65 389 £ 2.6
915°C 1247 £ 2.9 1330 £ 1.7 83+ 1.5 2.1 +0.08 8.9 +0.24 399 £ 1.2
935°C 1249 + 22.2 1330 £ 19.2 81 +5.2 1.8 £0.26 8.0 +£0.38 402 + 2.56

Fig. 14. SEM-BSE microstructural images of RHTQ-STQ material as function of the quenching delay time (60 K/s, 915 °C, 60 s, var. top, 10 MPa): a) and d) top = 2's,
b) and e) top = 4 s ¢) and f) top = 2 s. Images a)-c) are overview images, while d)-f) close-up images of Pirans-grains show the changing nature of the transformed
microstructure as a function of tgp; at a tgp of 6 s, a-lamellae marked by arrows indicate a partially diffusive transformation.

case for the standard RHTQ-STQ state with top = 0's, and this is based on
the observed characteristic plate-like structure in SEM-BSE images as
well as taking into account the HEXRD data (Appendix: Fig. A 4). For
top = 6 s, however, lamellar structures can be observed in Pirans in the
SEM-BSE images in Fig. 14 c) and f), which are distinct from the
o-plates. It can be posited that these are diffusely transformed
a-lamellae. A magnified depiction of the transformed microstructure is
provided in Appendix Fig. A 3. Consequently it is to be assumed that
shortly before final quenching after tgp = 6 s, i.e. at 700 °C, a mixed
microstructure of diffusionally formed secondary a-lamellae (o) and
B-phase was present within the previous f-grains. Subsequent quenching
then likely transformed the remaining f-phase. The HEXRD results
provide further evidence to support this hypothesis. It is noteworthy to
observe the peak at 20 = 4.24 (TiO, Rutile peak position) in Fig. A 4 e),
which exhibits equivalent height for top = 0—4 s but is distinctly elevated
for top = 6 s. Additionally, it is evident that the highest TiO, Rutile peak
in Fig. A 4 a) remains constant for all conditions, suggesting that the
oxide thickness does not undergo changes with tgp within the tested
range. This observation indicates that the increased height of the peak at
20 = 4.24 for tgp = 6 s is attributable to the presence of additional
metastable f-phase (Bp), which overlaps with the TiO, Rutile peak.
Additionally, the shoulder of the (102) o/«-peak in the top = 6 s
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spectrum and the additional elevation between the two a/«’-peaks in
Fig. A 4 c) indicate differences in the present phases compared to shorter
top-

In summary, the findings suggest a RHTQ-STQ microstructure of type
a+o for top = 2 s—4 s and a a+(as+o’+Pm) type structure for top = 6 s,
with the brackets describing the transformed microstructure of the prior
B-phase. At this point, it should be noted that the V-content in the
B-phase just before quenching influences martensite formation: an
increasing V-content reduces the driving force for martensite formation,
lowers the martensite start temperature, and decreases the critical
cooling rate [45,46]. The first two factors may explain the observed
partially diffusional transformation structure in case of togp = 6 s
compared to the other RHTQ-STQ conditions.

For the RHTQ-STA tgp = 2 s-4 s conditions, additional p-peaks
appear compared to the corresponding RHTQ-STQ conditions, see Fig. A
4 d) and f). In the RHTQ-STA tgp = 6 s spectrum, the f-peak heights
increase and the peaks are shifted towards higher angles. This indicates
a smaller lattice parameter of the newly formed p-phase than for f, of
the RHTQ-STQ condition, suggesting either a higher V-content [47] or a
different composition in general, involving also other elements.
Furthermore, within the RHTQ-STA states an increasing p phase fraction
with increasing top can be derived from increasing p peak heights, what
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can be likely be attributed to different chemical compositions of the
prior as-quenched «'-martensite.

Fig. 15 shows stress-strain curves for the RHTQ-STQ and RHTQ-STA
conditions as a function of top and the corresponding evolution of mean
characteristic values. The latter are additionally summarized in Table 3.

Within the RHTQ-STQ states, a time delay until quenching appears to
have similar effects on the stress-strain curves as a reduction in the so-
lution heat treatment temperature; with increasing time delay tgp, a
decrease in YS and UTS is evident, and the strain values UEL and ELF
exhibit an increase from top = O s to top = 4 s. The YS is much more
sensitive to a variation in top compared to the UTS, a phenomenon that
was also observed in the context of Tgr variations. These observations
align quite well with the changes in microstructure observed with
increasing quenching delay, which follow a similar trend to those found
with decreasing Tsr. Specifically, an increasing fraction of the a-phase is
observed with longer top, while the fraction of martensitic transformed
B-phase decreases. Due to the slower cooling rates during time delay and
the resulting diffusion processes and element partitioning, it can also be
expected that the V-content within the martensitically transformed
p-phase increases with tgop, while the Al-content decreases. This would
also be comparable to the microstructural trend of a decreasing Tsr, as
shown in the previous section of this work and in Ref. [23]. However, an
additional decrease in UEL and ELF can be observed from RHTQ-STQ 4
s—6 s, besides the decrease in strength. This phenomenon may be
attributable to the distinct transformation structure observed in this
condition when compared to the other conditions for lower tgp. It is
conceivable that the secondary alpha-lamellae within Pians lead to
earlier necking and failure due to their unfavorable geometry. The
strength trend within the RHTQ-STA states as a function of tgp roughly
follows that of the RHTQ-STQ states; as tgp increases, the achievable
strength decreases and the strain values increase across all quenching
delay times. However, it can be derived from Fig. 15 b), that tgp has a
linear effect on the strength values within the RHTQ-STA states, whereas
it is non-linear within the RHTQ-STQ states. Furthermore, the work
hardening potential remains relatively constant for RHTQ-STA as
function of tgp, while it exhibits an increase for RHTQ-STQ. Further, the
relative losses demonstrate significant variation between RHTQ-STQ
und -STA: the final values for top = 6 s set in relation to the values for
top = 0 s for YS-STQ, UTS-STQ, YS-STA, and UTS-STA are 81.7 %, 94.1
%, 86.3 %, and 90.2 %, respectively. Accordingly, it can be stated that
the additional short-time annealing helps to even out larger differences
resulting from tgp effects of the RHTQ-STQ step.

Overall, it can be concluded that the tgp also clearly represents a
critical value for the TISTRAQ-process. Delayed quenching in the RHTQ-
STQ step results in lower strengths in the final RHTQ-STA material state.
In order to achieve the most homogeneous material properties, the time
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1
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c
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between the end of the hold at the target temperature and the quenching
of the Ti-6Al-4V sheet must be kept as short as possible within the whole
sheet metal strip or blank, and this is also relevant for achieving most
effective strengthening.

3.5. Validation of the simulation and linking of results

As shown in Section 3.4 and in the extant literature [23-26] thereisa
strong correlation between solution heat treatment temperatures and
phase fractions of o, and p on temperature and «, and Pyans after
quenching, respectively. Thus, the phase fractions in the RHTQ-STQ
sheet metal strip can be used as an indirect measure of Tgr distribu-
tion. A determination of the phase fractions in turn facilitates a com-
parison with the trends from the temperature simulation and thus allows
for a qualitative experimental validation of the simulation results.

Therefore, a selection of nodes was made from the cross sections A-A
and B-B and the nodes’ temperatures were extracted from the simulation
results presented in Fig. 8 b). Furthermore, the phase fractions were
evaluated for Ti-6A1-4V RHTQ-STQ sheet metal strips at the positions of
the selected nodes. The estimation of the phase fractions was carried out
by binarization of SEM-BSE-images of 100 pm width in Image J Fiji [48]
and thereby making use of the Trainable Weka Segmentation plugin [49].
The determined Pians fractions for RHTQ-STQ standard sheet metal
strips across A-A and B-B are presented in Fig. 16, alongside the simu-
lated Tgr.

The development of the fractions of Pians along the cross-sections
A-A (Fig. 16 a)) and B-B (Fig. 16 b)) indicates a qualitative consis-
tency between the experimental and simulated results. The highest
phase fractions and simulated temperatures are observed in the center of
the sheet metal strip (at 5 mm and 6 mm), with a decrease towards the
positions of 0 mm and 11 mm. The cross-section B-B exhibits lower
maximum phase fractions compared to A-A, indicating lower tempera-
tures in the sheet metal strip, a finding that aligns with the simulation
results.

Furthermore, the results of the phase analysis demonstrate that the
simulation slightly underestimates the temperature inhomogeneity,
compare Fig. 16 a). Given the nearly linear correlation between tem-
perature and phase fractions within this temperature range, the
observed discrepancies in phase fractions from the edge to the center
suggest potential discrepancies in temperature between the simulation
and experimental results. These discrepancies could be attributed to
potential inaccuracies in the assumed values for electrical and thermal
conductivity in the simulation, which may not accurately reflect the
actual values.

In comparison with Pfeffer et al. [23], the phase fractions at the
bottom of the hole suggest that the actual temperature exceeded the

b)
1400 . ; — 21 BiiTo sro
© v\'\*v\ —=—YS
% 12004 4 — 18 m e UTS
< @ |[—%—UTS-Ys
= 1000 - -\.\“\ L15 5 UEL
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g 8004 12 5 |RHTQ-STA:
5 - @ Ys
8} 600 /—\ *H -9 g +— UTS
s / 5 —*—UTS-YsS
0 400 -6 = UEL
j=) % R
S 200+ .(/*” -3
01+ ; ; —0
0 2 4 6
topins

Fig. 15. a) Representative stress-strain curves of the RHTQ-STQ material states and the RHTQ-STA material states (RHTQ-STQ + 570 °C, 180 s, AC) as function of the
quenching delay time top and b) overview of the corresponding evolution of mean characteristic values.
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Table 3
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Mechanical data as a function of quenching delay time tgp for RHTQ-STQ material states and RHTQ-STA material states (RHTQ-STQ + 570 °C, 180 s, AC): yield
strength at 0.2 % plastic deformation (YS), ultimate tensile strength (UTS), uniform elongation (UEL), and total elongation at fracture (ELF); based on at least three

valuable tests (N > 3).

RHTQ-STQ, var. top YS in MPa UTS in MPa A UTS-YS in MPa UEL in % ELF in % HV5
0s 1006 + 5.6 1151 + 3.7 145 £ 4.1 5.7 £ 0.57 13.1 +£2.20 353+1.3
2s 891 + 8.6 1111+ 7.1 221 £ 3.5 9.2+0.21 17.1 £1.15 330 £ 2.1
4s 855 +12.4 1102 + 3.9 248 + 9.4 9.0 £ 0.08 16.1 +0.18 333+28
6s 822 +£4.73 1083 + 3.49 261 + 2.2 8.8 £0.45 15.2 +£0.73 329 +1.2
RHTQ-STA, var. top YS in MPa UTS in MPa A UTS-YS in MPa UEL in % ELF in % HV5
0s 1186 + 8.0 1278 + 8.6 92+3.0 25+0.17 8.9 +1.72 388 + 1.9
2s 1134 +10.7 1243+ 7.1 109 £ 5.1 2.9 £+ 0.20 11.5 + 0.43 381 +£ 2.2
4s 1080 + 7.4 1206 + 5.2 127 £ 4.1 3.5+0.15 11.8 £ 0.37 376 +£ 3.5
6s 1024 +£ 5.5 1153 + 6.2 128 + 3.3 3.9+ 0.39 12.1 £ 0.53 368 + 1.9
Easnn s P — B T
D 1930 L 930
A, e " 1920 o T S T 1920
A e e = o o =
. Lo10 < " % .y slor0 =
* - — —
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Fig. 16. Experimentally determined fractions of Bans and simulated temperatures across the width of a) the A-A and b) the B-B cross-section (see Fig. 8 for details).
Samples #1-#3 for microstructural analysis in a) were produced in different experimental series over time, reflecting series-related scatter due to material- and

procedure-related factors.

target temperature. This discrepancy may be attributable to the tem-
perature measurement technique used in this work. The mismatch be-
tween the cone-shaped geometry of the bottom of the hole and the
different rounded shape of the thermocouple could cause the thermo-
couple to measure a temperature at another location that is lower than
the actual temperature at the bottom of the hole. Furthermore, the
graphite-based heat-conducting paste is not incorporated into the
simulation, which can also result in deviations in the absolute temper-
atures. The discrepancy could also be attributed to the heat flow over the
external area of the thermocouple, which is not heated but is situated in
the ambient atmosphere. The scattering of the phase fractions in
cross-section A-A across different RHTQ-STQ sheet strips, Fig. 16 a), also

22.87 cm

indicates measurement influences.

In future studies, the aim is to adapt the TISTRAQ-process to an in-
dustrial scale and to validate it using a demonstrator of an adjusted
S-Rail part geometry that is well established in the field of sheet metal
forming. Therefore Fig. 17 provides an outlook on the further applica-
tion of the simulation methodology. The insights gained from the
simulation setup and the definition of boundary conditions for the
Ti-6Al-4V sheet metal strip have been incorporated into the process
chain modeling of the S-Rail component. A key difference between the
resistive heating setup for the S-Rail blank and the sheet metal strip from
Section 3.2 lies in their modeling approach. While the sheet metal strip is
represented with solid elements, the S-Rail blank is modeled using shell

Temperature
in°C

917.85
913.85
910.85_2
906.85__
902.85__
898.85
894,85]
891.85_=
887.85

883.85]
34.85

28.50 cm

Fig. 17. Simulated temperature distribution of the resistance heated blank in the forming simulation of the S-Rail part.



N. Pfeffer et al.

elements, which is more efficient for large scaled forming parts. Addi-
tionally, unlike the sheet metal strip, the S-Rail blank does not feature a
drill hole for temperature measurement; instead, temperature moni-
toring is conducted using a pyrometer. This ensures that the influence on
the cross-section of the S-Rail blank is eliminated, thereby promoting
temperature homogeneity. The boundary conditions are applied analo-
gously to those used for the sheet metal strip.

4. Summary and conclusions
The following conclusions can be drawn:

e A novel test method was developed to characterize tool-based heat
treatment on a laboratory scale. The corresponding test stand con-
sists of a resistance heating unit for solution heat treatment and a
tool-based quenching unit for quenching the specimen afterwards.
This enables the implementation of heat treatment with flexible
temperature profiles in the TISTRAQ-process, which is both energy-
efficient and material-saving.

The advantages of the test stand are its autonomous operation, the
good control behavior and the high reproducibility of defined tem-
perature profiles with a linear heating rate. The direct heat genera-
tion in the sample enables temperatures of up to 1200 °C with
heating rates up to 60 K/s. The synchronous kinematics and the wide
force spectrum facilitate the realistic reproduction of process con-
ditions during quench-forming, enabling cooling rates of up to 1600
K/s.

e The application of the FE-simulation model for resistance heating
proved to be valuable even before the initial investigations, as it
provided an early understanding of the temperature distribution
within the sheet metal strip. Subsequent experimental studies then
served as a qualitative validation of the simulation, confirming that it
effectively captured the overall temperature distribution. However,
the results also revealed that the simulation underestimates the
temperature inhomogeneity, highlighting areas for further
refinement.

Direct electric resistance heating of a Ti-6Al-4V sheet metal strip to a
nominal target solution heat treatment temperature in the range 875
°C-935 °C followed by quenching in water-cooled tools in the
developed test stand results in o+o-microstructures. As a result of
processing in ambient atmosphere, the near-surface region shows an
oxygen-influenced surface-near layer and an oxide of thickness,
which necessitates a post-processing surface treatment for specific
applications. Subsequent short-time annealing results in a significant
increase in strength compared to the o+o'-state and the initial as-
received material state.

The developed test stand facilitates a systematic investigation of the
influence of various process parameters. The solution heat treatment
temperature (varied in the range 875 °C-935 °C) and the time delay
until quenching (varied in the range 0 s-6 s) were identified as
critical values for the TISTRAQ-process. The microstructure and
mechanical properties are highly sensitive to the variation of these
two parameters, both in the resistively heated and tool-quenched
state and after additional short-time annealing. For the successful
implementation of the TISTRAQ-process for the production of Ti-
6Al-4V sheet metal parts with homogeneous properties, it is
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therefore crucial to minimize variations in the temperature distri-
bution and the time delay until quenching.

e The results of the current investigations form the basis for the
development of a promising forming process suitable for series pro-
duction for aviation-specific applications, thereby evoking strength
enhancement. The new TISTRAQ-process addresses both the sus-
tainability and lightweighting aspects of the aerospace industry and
will be extended to larger scale and more complex part geometries in
future investigations.
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Appendix

HEXRD-data: AR <— RHTQ-STQ standard «<—— RHTQ-STA standard

a b
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Fig. A 1. Selected representative excerpts from the HEXRD spectra of different material states: AR, RHTQ-STQ standard, and RHTQ-STA standard.
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HEXRD-data: RHTQ with var. Tst
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Fig. A 2. Selected representative excerpts from the HEXRD spectra of different material states: a), c), e), g) RHTQ-STQ states with varying solution heat treatment
temperature Tgy (further parameters compare Table 1), and b), d), ), h) corresponding RHTQ-STA states (RHTQ-STQ + 570 °C, 180 s, AC).
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SEM-BSE-image and HEXRD-data: Time-delayed quenching

Fig. A 3. Enlarged depiction of the RHTQ-STQ samples produced with top = 6 s, as shown in Fig. 14 f).
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Fig. A 4. Selected representative excerpts from the HEXRD spectra of different material states: a), c), e), g) RHTQ-STQ states with varying quenching delay time top
(further parameters compare Table 1), and b), d), f), h) corresponding RHTQ-STA states (RHTQ-STQ + 570 °C, 180 s, AC).
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