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Abstract

Tool steel is routinely used by the Experimental Aerodynamics group at the Council for Scientific and Industrial
Research (CSIR), South Africa, to manufacture critical components for wind tunnel testing. This steel is known
for its high strength properties in both tension and compression, and has a good combination of machinability,
ductility, and fracture toughness. The emergence of the Additive Manufacturing (AM) technology provides an
alternative to traditional manufacturing procedures in the production of wind tunnel model parts and
instrumentation; however, use of the AM technology requires knowledge, inter alia, of the fatigue characteristics
of the AM materials. Test specimens were manufactured from tool steel powder using the Selective Laser Melting
(SLM) technology and subjected to fatigue and tensile tests. The thermal treatments were used for stress
relieving and aging the additively manufactured part; the processes used in this project were found to have an
adverse effect on the properties of the material.
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1. Introduction

Additive Manufacturing (AM) can be an efficient method of reducing manufacturing costs, in terms of
material wastage, start-up costs, speed, part reduction, and energy usage [1]. In addition, the
technology enables the manufacture of complex geometries which may be difficult or impossible to
manufacture using conventional techniques. For these reasons, the feasibility of using Additive
Manufacturing in the production of wind tunnel components has been explored and implemented at
the Council for Scientific and Industrial Research (CSIR) in South Africa. Since high-speed wind
tunnel tests are performed in a relatively high-stress environment, it is necessary to understand the
fatigue properties of the materials before manufacturing critical parts using AM. Tool Steel is known
for its high strength properties and is thus one of the metals routinely used for the manufacture of
wind tunnel models and wind tunnel instruments.

M300 Tool Steels have a high alloy content, but virtually no carbon (less than 0.03%). Alloying,
together with heat treatment (including age-hardening), produces steels with a combination of high
strength, ductility, and fracture toughness. The aged metal contains hard precipitate such titanium
carbides (TiC) [2]. The carbon content is therefore kept to a minimum to avoid the formation of TiC
precipitates, which would severely reduce the impact strength, ductility, and toughness when present
in high concentrations [3].

The yield strengths of 1 500-2 000 MPa after aging is generally acceptable for steels used in aircraft.
The rare combination of high strength and toughness found in tool steels makes it well suited
especially in safety-critical aircraft structures that require high strength and damage tolerance [3]. In
conventionally manufactured M300 tool steels’ fatigue limit is lower and usually estimated at 50% of
its ultimate tensile strength (UTS) as presented in literature [4]. However, the fatigue limit of M300
tool steels manufactured by additive manufacturing is 20-30% of its UTS which is lower than
conventionally engineering materials [4][5][10]. Thus, improving the fatigue limit for the additive
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manufacturing part is important especially for the materials used in harsh environments.

In this study, test specimens were produced from a M300 Tool Steel powder and tested for tensile
strength and fatigue characteristics. The fatigue strength of M300 is usually expected to exceed one
million cycles at approximately 40-60% of its Yield Strength (YS), both in the annealed and aged
conditions [8].

2. Test Specimens

The test specimens were manufactured according to the geometry set out in ASTM standard E466
[6]. This standard requires the diameter of the test specimen to be between 5.08mm and 25.4mm,
with the cross-sectional area of the grip at least 1.5 times that of the test section, and the length of
the test section 2-3 times the length of the test section diameter. The dimensions of the test specimen
manufactured are shown in Figure 1.

In this paper, “specimen” shall be used to refer to the Test Specimens as illustrated in Figure 1.

Figure 1 — Test specimen geometry

Thirty test specimens were manufactured on an EOS M280 (Direct Metal Laser Sintering) machine,
using metal powder with a particle size distribution of 20—-60 um. The specimens can be seen in the
machine in Figure 2a, from which it can also be seen that the test specimens were manufactured
vertically. The scanning strategy was a bi-directional, linear laser movement, with the exposure
rotated by 47° between each layer. Solid supports were added around the test specimens during the
print, to prevent them from failing. These supports were printed some distance (0.1mm) away from
the specimens and fell away from the specimens once they were removed from the baseplate.
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Figure 2 — Specimens in the AM machine (a) and in the Testing machine (b)

3. Test Processes
The following procedures were executed on the test specimens.

3.1 Computed Tomography (CT) Scans

Computed Tomography (CT) scans were performed before the specimens were tested. These scans
were done on a YXLON FF20 Computed Tomography scanner to investigate any defects in the
specimens. The machine parameters for scanning were set to a visibility of 2 150mm and a frame
rate of < 58Hz. The open-source software, myVGL was used to read and analyse the CT scan data;
the images presented with the discussion in §4.4 used the Edge-detection method.

3.2 Heat Treatment

Two heat treatment procedures were applied:

e Condition 1 was stress relieving of the specimens at 890°C for 3 hours in accordance
with the procedure developed by the machine operator [7], and then left to cool in the
furnace. This was done before the specimens were removed from the base plate.

¢ Condition 2 was performed on specimens which were in Condition 1 and was thermal
aging of the specimens at 480°C for 3 hours, after which the specimens were left to
cool at room temperature.

3.3 Tensile and Fatigue tests

An Instron Model 1342 servo-hydraulic universal testing machine was used for the tensile and fatigue
tests (Figure 2b). The tension-tension fatigue tests were run between 10 and 15 Hz, corresponding
to High Cycle Fatigue testing. The fatigue was carried out as tension-tension test at a R-ratio of 0.1.
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The results of these tests are presented in §4.1 and §4.2.

3.4 Fracture analysis using SEM

When the tests yielded unexpected results, a Jeol JSM-6010PLUS Microscope was used to analyse
the surface fractures of specimens; this is discussed in §4.3.

3.5 Mass Spectrometry

As part of the investigation into the unexpected results, a mass spectrometry test was performed on
one test specimen; this is discussed in §4.3.

4. Results and Discussion

The fatigue tests performed on the AM parts (discussed below) generated results which were not
consistent with the specifications of the AM powder used in this project. In an effort to determine the
source of the anomaly, a number of additional tensile tests were performed for the specimens in the
two Conditions, fractography was performed, and a mass spectrometry test was executed.

4.1 Tensile Tests

Tensile tests were run on five of the test specimens, to compare the material properties to those
specified for the powder. The tensile test results are given in Table 1 for two specimens in Condition
1, and in Table 2 for three specimens in Condition 2 (refer §3.2).

The specimens which were stress relieved in the austenite phase region but not aged (Condition 1,
Table 1) had:

- YS slightly lower than the specification but on average within the uncertainty band,
- UTS marginally higher than the specification, and within the uncertainty band,
- Elongation less than the specification and outside the uncertainty band.

Table 1 - Tensile tests results: Condition 1 (HT)

. Ultimate Tensile Stress  Yield Elongation Diameter
Specimen ID

[MPa] [MPa] [%] [mm]
AM Powder Spec 1100 990 15 6.35 nominal
+ 100 + 100 5
06 - HT 1192 917 8.04 6.10
07 - HT 1192 878 6.54 6.11
Mean 1192 898 7.29 6.11

The specimens which were stress relieved and aged (Condition 2, Table 2) had:

- Low YS, this being largely unchanged from the un-aged specimens (results were only
obtained from one specimen),

- UTS which, while higher that the un-aged specimens, achieved only approximately half to
the expected increase in strength,

- No elongation.
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Table 2 - Tensile tests results: Condition 2 (HT and A)

Modulus Ultimate Tensile Stress  Yield Elongation Diameter

Specimen D rap [MPa] MPa]  [%] [mm]
AM Powder Spec - 2105 2100 2 -
23-A 191 1497 - 0.17 6.13
02-A 195 1489 1 026 0.46 6.11
01-A 193 1709 - 0.13 6.12
Mean 193 1 565 1 026 0.25 6.12
Standard Dev 2.1 125 - 0.18 0.01

4.2 Fatigue Testing

The fatigue tests were planned with numerous test specimens, which were to be tested in
Condition 2. However, once the tests produced unanticipated results, some of the test specimens
were diverted for more tensile tests, and tests in Condition 1.

High-cycle fatigue tests were limited to the 2.5 million cyclic stress range. The test conditions for the
fatigue tests are noted in §3.3 and the results of the tests are presented in Table 3 and Figure 3.The
fatigue test results in Table 3 provide details on the applied loads and observed fatigue life.

Table 3 - Fatigue tests results: Condition 2 (HT and A)

Gauge Diameter Area Max Stress Max Loading Stress Amplitude _
Cycles to failure

[mm] [mm?] [MPa] [KN] [MPa]

6.16 29.80 211 6.30 53 2479 792 (runout)
6.05 28.75 299 8.61 135 170 269
6.15 29.71 299 8.89 135 395 275
6.12 29.42 423 12.43 190 44 692
6.08 29.03 563 16.36 254 19 937
6.16 29.08 704 20.99 317 4 200
6.16 29.80 986 29.38 503 1413
6.14 29.61 1170 34.64 527 2879
6.17 29.90 1170 34.98 526 5 658

A S-N curve was used to represent the data, see Figure 3. Scatter was noted in the data at the higher
loads. The outcome of the material fatigue trend is lower but comparable to results in literature for Z-
direction printed, stress relieved specimens [10]. This indicates that the thermal ageing used in the
project had an adverse effect on the properties of the material.
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Figure 3 — S-N curve for aged AM Tool Steel

4.3 Fractography

Specimen 18, which was fatigue tested at a Stress Amplitude of 527 MPa (~80% of the YS), failed
after 2 879 cycles. The fracture surface of Specimen 18 displays stress raisers (see Figure 4), and it
appears that crack initiation did occur near the surface (see Figure 5a). There are no beach marks
on the specimens investigated, to suggest a smooth, ductile failure and so a brittle failure was
deduced.

Figure 4 — Fractured surface of Specimen 18
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Figure 5 — Micrographs of Specimen 18
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Figure 6 — Micrograph of edge of Specimen 18

In Figure 5b and Figure 6 the specimen shows defects, especially along the outer edges on the
surface that correlates to a feature of Additive Manufacturing known as keyhole porosity. The keyhole
is a phenomenon that occurs when material is quickly melted and forms a cavity. It is then possible
for gas to be trapped within this cavity after solidification. A study has shown that this keyhole porosity
is more likely to occur whenever the laser changes direction, i.e. reaches a point of zero velocity [12].

The micropores in the inner structure are visible and highlighted with the rings in Figure 5b. This is
likely due to gas and keyhole porosity effects, where gas porosity is characterised by spherical
shapes (dashed circles) and keyhole porosity (solid circles) is more irregularly shaped (see Figure
5b) [12]. The last point of contact is indicated by the flat surface seen in Figure 6. This is the point
where the specimen snapped apart completely at failure.

4.4 Computed Tomography (CT) Scans

The CT scans were performed on the test specimens, in both Conditions to obtain visualisation of the
internal structure of the laser AM processed specimens. The effect of the internal structure on the
fatigue results could then be determined. This scanning technique is capable of detecting and
qualifying voids or defects in the specimen interior. [9]. The horizontal cross-sections of the gauge
length of the specimen were imaged at the points specified in Figure 7, with extracts of the scans
presented in Figure 8.

The CT scan data for specimen 18 before and after aging is shown in Figure 8. From the variation in
the scans in both conditions, it appears that the aging process improved the features near the surface
of the specimen and reduced detected internal features, without eliminating them entirely. The
existence of surface defects has a negative impact on mechanical properties, as they can decrease
a material’s tensile strength and fatigue resistance [11].

It is important to note that, depending on the scan quality (the presence of artefacts, noise, image
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blur, etc), the de-noising techniques used and analysis workflow used in image processing, different
results can be obtained [9]. These can also be presented in different ways which may lead to
misinterpretation [9]. From the scans presented it is not completely clear whether the detected edge
features are voids or known AM defects.

TZ TG T10

Figure 7 — Location of the CT scans presented in Figure 8

Slice
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Figure 8 — CT Scans of Specimen 18 at various locations, before (a) and after aging (b)

4.5 Mass Spectrometry

The results, presented in Table 4, indicated that the elements were within specification, apart from the
Ti which was high. The higher levels of Ti could make the possibility of TiC precipitates plausible. Due
to the high alloying contents of Ni, Co and Mo, the other types of precipitates formed would include
Ni3Mo, Ni3Ti, Ni3Al and Fe2Mo, can occur in a high-volume fraction after aging. Cobalt is used to
reduce the solubility limit of molybdenum and thereby increase the volume fraction of Mo-rich
precipitates (e.g. Ni3Mo, Fe2Mo). The precipitates promote strengthening by the precipitation
hardening process through thermal aging [10],[11]. The results obtained in this project indicate loss of
plasticity, as well as a decrease in elongation from 7.29% in HT condition to 0.25% after aging, this
can be attributed to the precipitates formed.

Table 4 — Comparison of measured to expected composition, for Specimen 2 (Condition 1, HT)

Element M300 Powder Specification Specimen 2

Fe Bal Bal Bal
Ni 18.36 17.0-19.0 17.12
Co 8.77 8.0-11.0 9.53
Mo 5.06 4.5-5.2 5.2
Ti 0.59 0.3-1.2 1.69
C 0.007 0.03 max 0.01
Al 0.1 0.15 max 0.138
Cr 0 0.5 max 0.13
Si 0.02 0.1 max 0.08
Mn 0.01 0.1 max 0.03
P 0.004 0.03 max 0.014
S 0.002 0.01 max 0.005
Cu - - 0.01
\ 0 - 0.005
B - - 0.0024
Nb 0 - 0.02
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5. Conclusion

Annealing followed by ageing caused a significant under-performance in the UTS of the additively
manufactured Tool Steel specimens, compared to the published AM specifications. However, the
results for specimens which were only stress-relieved and not aged, exhibited properties comparable
to the specifications.

After investigating various potential sources for this anomaly, it was deduced that the use of both
thermal processes had unfavourable effect on the tensile properties of the specimens. These
properties then affected the results of the fatigue tests.

A S-N curve was generated for the aged Tool Steel. The run-out stress was achieved at about 200
MPa, which is ~15% of the aged YS.

Further investigation is underway into the effects of and best practice for thermal treatment of AM
Tool Steel.
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