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This work aims to evaluate the use of miniaturized tensile specimen (MTS) to characterise
the mechanical properties of alloys developed through rapid alloy prototyping (RAP), where
high throughput tests are required on relatively small amounts of material. Tensile tests
were conducted at a variety of strain rates and with increasingly smaller specimen sizes,
ranging from larger specimens conforming to ASTM/ISO standards, down to small non-
standard specimens. The gauge lengths of the specimens ranged from 50 to 80 mm for
the standard specimens down to 5—10 mm for the non-standard specimens. To generalize
the non-standard MTS designs, three alloys, DP800, DP600 and 316L stainless steel, were
adopted. The results obtained from non-standard designs were compared with those from
standard designs. The results show that non-standard designs can give repeatable results
for yield strength (YS), ultimate tensile strength (UTS) and uniform elongation (ey). The
maximum result differences of YS, UTS and ey are 7.37%, 7.71% and 11.9%, respectively, for
DP alloys comparing standard and non-standard dimensions. These values are 13.56%,
14.03% and 19.5%, respectively 316L steel. The total elongation (ej) increases as the spec-
imen dimension decreases. The geometrically dependent constants (n) are 0.2, 0.31 and
0.11 for DP800, DP600 and 316L, respectively. However, the Young's modulus is hard to
determine precisely from the miniaturized designs. The conclusion from this work is that
miniaturized tensile testing can be used with confidence as a high throughput means of
predicting standard mechanical properties across a range of steels.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tensile testing is a mechanical test used to determine the
uniaxial mechanical properties of materials under loading

* Corresponding author.

with different strain rates. The results obtained from tensile
tests can provide basic material properties such as yield
strength (YS), ultimate tensile strength (UTS) and elongation
information. The first concept of the tensile test was devel-
oped by Petrus van Musschenbroek using his ‘lever testing
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machine’ [1]. Tensile test set-ups comprise a tensile loading
machine, extensometers (either clip-on mechanical exten-
someters or non-contact systems such as video extensome-
ters) and tensile test specimens.

A tensile test specimen usually has a ‘dog-bone’ shape and
one of the first standards for tensile testing of metallic ma-
terials, BS18, was published by the British Engineering Stan-
dard Association in 1904 [2]. In recent years, there is a trend to
miniaturize tensile specimen dimensions often referred to as
Miniaturized Tensile Test (MTT) technology. There are several
possible motivations: Insufficient material for standard sam-
ples (e.g., nanomaterials), testing of small amounts of in-
service material (e.g.,, power generation equipment), new
alloy development processes (e.g., rapid alloy prototyping).

The quantity of material required from a Rapid Alloy Pro-
totyping process ranges through milligrams, grams, kilograms
to tonnes, depending on the development stage of the alloy,
with more material needed at the later industrial trials which
might result in new alloys every few years. The transition
from laboratory to industrial RAP routes is dictated by the
material properties needed at any given stage. For strip steels
[3,4], particularly when tensile strength increases are targeted,
traditionally the smallest laboratory scale will require kilo-
grams for compositional accuracy in cast ingots and sufficient
material for hot and cold rolling mills. Even at this scale RAP
has given alloy development a six fold increase in speed [4].
Recently, big efforts are being made to further increase RAP
speed by reducing the material down to 20—140 g cast per
composition [5], with a target of 100 compositions being made
and tested per week. Central to achieving this goal is a ten
times reduction of the tensile test specimen, allowing for
more tests to be done quicker, but with well-known scaling
factors to accurately predict the tensile properties of standard
specimens.

The usual strategy to design miniaturized tensile spec-
imen (MTS) is either to scale down the dimensions from the
existing standard dimensions or make further modifications
after scaling [6]. As the specimen size decreases, the ‘size
effect can occur. If the differences between results for MTS
and standard specimens are in an acceptable range, e.g,
—15%—15% then this indicates that the results obtained from
MTS are a good estimate of the mechanical properties.
However, with further decreases in specimen thickness,
down to perhaps 6 to 10 times the average grain size, then the
tensile test results of MTS no longer reflect bulk material
properties [6]. Interestingly, in another study using 316L
stainless steel [7] it is suggested that yield strength can be
measured by MTS if the ratio of specimen thickness to the
grain size is 3 or higher. However, for UTS measurement this
ratio value should ideally be greater than 7. Zhu et al. studied
these specimen thickness to average grain size ratios in the
range of 2.7—-13.7 under different strain rates for pure tita-
nium foil [8]. The results indicated that the flow stress
decreased as the ratio was decreased, and this is indepen-
dent of the strain rate.

The Aspect Ratio, AR (the specimen thickness to width
ratio, although some researchers define AR as the ratio of
width to thickness) has also been considered [9]. AR is
important for this study since specimen thickness is fixed by
the manufacturing process and cannot be adjusted.

Increasing AR values can result in the reduction of necking
angle. The necking angle variation was further explained by
Mikkelsen through numerical simulation [10,11]. Similar re-
sults were obtained in the work of Kohno et al. [12]. The total
elongation increases with increasing AR values. The reason
for this is due to the differences in the necking behaviour
[10].

The slimness ratio (ratio of gauge length to square root of
cross-section area) for standard bars is 5.65 according to the
ISO 6892—1:2016 standard [8]. This value can also vary from 4
to 11.3 [13] and possible constant values 4 or 5 for the standard
tensile bar [14,15]. All these values are suggested by the
different standards, some are less strict ASTM in the US with
4, and others are stricter such as the German DIN standard
requiring a slimness ratio above 11. The greatest effect of the
AR is on the elongation to failure [6], but the Bertella-Oliver
formula in Eq. (1) can be used to convert between standards
with relative confidence. Kashaev et al. developed an MTS
method (AR = 0.25) and conducted tensile tests for Inconel
625, 718 and Ti—6Al1—4V alloys [16]. The results indicated that
this ratio could give consistent results with acceptable dif-
ferences between MTS and standard specimens. Zhao et al.
designed an MTS with a larger gripping tab, having a gauge
length 1 mm and AR values varying from 0.125 to 0.5 [11]. The
design was used to study the size effect on ultra-fine-grained
Cu. It showed that the shorter and thicker specimens tended
to give higher elongations. Another MTS was designed by
Dzugan et al. with an AR value of 0.33 which was used to test
DCO1 steel [17]. Yang et al. designed an MTS with an AR value
of 0.4 to measure the material properties of a CrMoV steel
weldment [18]. Apart from dog-bone shapes, some other
shapes were also developed, for example, bow-tie shapes [19]
and dumb-bell shapes [20]. The results indicated that only a
5% deviation in results was found when compared to the
standard specimen.

The authors were unable to find any standardization of
mini tensile specimen design or testing standards, other than
cases using proportional sizing of standard specimen geom-
etries. To help ensure that MTT results can represent bulk
material properties there are several general guidelines. The
ratio of MTS thickness to average grain size should larger than
6 (but may vary with material). The AR value of the MTS
should be greater than 0.2 and the slimness ratio should be
around 5.65 (ISO 6892—1:2016. However, these guidelines lead
to several questions:

1. Before using MTT to characterize novel alloys generated
using rapid alloy prototyping (RAP), the validity of the
method applied to existing grades must be determined [5].
What level of dimension of MTS should be?

2. Will the proposed non-standard MTS work for different
alloys?

3. Will the MTS test results still represent the bulk material
properties if the slimness ratio is reduced, even beyond the
current standard suggested range?

4. When using new MTS designs, how does the test strain rate
affect the MTT results?

Tackling these open questions is the main task of the
current research.
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2. Materials and methods
2.1. Alloys selected and miniaturized tensile specimen
designs

Three alloys were selected: DP800, DP600 and 316L stainless
steel, respectively. The chemical compositions of the selected
alloys are summarized in Table 1.

The reason for this selection is that DP600 and DP800 are
grades of current interest [5] and 316L was added to provide a
wider range of tensile properties, 316L exhibits a higher rate of
work hardening and higher ductility. DP600 and DP800 are
rolled steel products but for contrast the 316L samples were
additively manufactured (via Laser Powder Bed Fusion or
LPBF) as the interest in this work is the dimensional scaling
effects of specimen sizes for different alloys and processes.
Figure 1 shows the specimen dimensions selected in the cur-
rent research.

Among these dimensions, A80, A50 and ASTM?25 are stan-
dard dimensions used as benchmarks. Two non-standard
MTS designs were also proposed, called Minil and Mini2,
respectively. According to the basic strategies of designing
MTS, the parallel section length (L.) of Minil was scaled down,
by a ratio of 2, from the ASTM subsize standard. Mini2 is a
further scaled down version of Minil. Compared to the SS-
series [21] (generated in Japan in 1980—1990s and gripped
with pins), these two non-standard MTS have similar parallel
length values (Minil to SS2 and Mini2 to SS3), however they
have different parallel width and thickness values. For both
Minil and Mini2, the tab sections were enlarged to ensure a
firm grip during testing. This is different to the pin-gripped
designs in the SS-series. The detailed dimensions of
different designs are summarized in Table 2.

Compared with the general guidelines for designing MTS
(mentioned in Sec.1), the ratio of specimen thickness to the
average grain size of the selected alloys is in the order of
hundreds [22]. For Mini2, the AR values range from 0.6 to 0.8,
larger than the critical AR value of 0.2 [9, 12]. The slimness
ratios of Mini2 range from 2.8 to 3.23. These values are smaller
than 5.65 (ISO 6892—1:2016) and 3.2 to 14.1 (ASTM E8M-16
standard). To determine the isotropic features of the alloys,
longitudinal (L-Bar, 0°) and transverse (T-Bar, 90°) bars were
manufactured for DP800 and DP600 representing specimens
where the angles, between the rolling and pulling directions,
are 0° and 90°, respectively.

The electric discharge machining (EDM) method was used
to cut DP alloy specimens. The Laser Powder Bed Fusion sys-
tems (Renishaw AM400) AM method was used to additively
manufacture 316L stainless steel tensile specimens. The me-
chanical properties of 316L manufactured using this method
have been well characterized [23,24]. These samples were

made in the vertical orientation (normal orientation to the
powder bed) with a laser power of 195 W, a point distance of
60 um, an exposure time of 80 um and a hatch spacing of
110 um. A meander hatch pattern was used with 67° between
layers and the specimens were tested without heat treatment.

2.2. Experiment facilities

The same uniaxial tensile machine Tinius-Olsen H25KS was
used to conduct the experiments for all specimen sizes. The
machine has a 25 kN force capacity with an accuracy of +0.5%
of applied load from 2 to 100% of the load cell capacity and
+1% down to 1% of the load cell capacity. For specimens with
gauge lengths below 20 mm it becomes increasingly difficult
to use the traditional clip-on extensometers. In the current
research, a video extensometer (XSight 9MPX) was adopted to
capture the strain for all sizes of tensile specimens. To ensure
accurate specimen dimensions and exclude the influence of
any surface scratches, edge tears or residual stress distortions
arising from machining, the specimens were first examined
using a Shadowgraph machine before tensile testing. Mitu-
toyo SJ-210 surface roughness tester was used to evaluate the
surface roughness of the tensile specimen. The arithmetic
mean deviation of the profile (R,), the root-mean-square de-
viation of the profile (Rg) and the ten-point height of irregu-
larities (R,) were measured and summarized in Table 3.

The DP800 and DP600 tensile specimen were manufactured
through EMD method, which is a high precision (the
maximum roughness of 1 pm), gentle cutting process (in-
troduces little work hardening into the specimen, compared
to computer numerical control machining or lathing) which
results in smooth edges, from the rolled sheet steels. There-
fore, the low values of roughness are expected and no further
finishing was required. Another reason for not applying any
additional finishing to the specimens is that the industrial
tensile tests are carried out on the large A80 specimen with
the strip steel in the same condition. The additively made (3D
printed) 316L bars for the current work, were rougher than the
rolled steel, as would be expected, with R, in the region of
4—5 um. In the authors’ experience of tensile testing of AM
alloys, particularly of ductile alloys such as 316L the effect of
surface roughness is relatively minor compared to fatigue
testing [24].

Initially, a fixed pulling velocity of 1 mm/min was adopted
to for all specimens. The correspondent strain rates, normal-
ized by Lo, for each size specimen are 2.1 x107* s7%, 3.3
x107* 57, 6.7 x 107*s7%, 1.7 x 10 s and 3.3 x 10> s~ " for
specimen dimensions A80, A50, ASTM25, Minil and Mini2,
respectively. Before conducting the experiments, for all
specimens, the test piece widths (bo) and thicknesses (ao) were
determined as the average of 3—5 measurements along each
sample.

Table 1 — Chemical compositions for DP800, DP600 and 316L stainless steel (% weight).

C Si Mn P S Ni Cu Cr
DP800 0.136 0.249 1.77 0.011 0.0027 0.018 0.024 0.558
DP600 0.098 0.244 1.705 0.015 0.004 0.023 0.018 0.548
316L 0.03 1.0 2.0 0.04 0.03 10.0-14.0 = 16.0—-18.0
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Fig. 1 — CAD drawings (a) and photos (b) of different tensile test specimens. L, L., L,, by, R and a, denote the total length, the
parallel section length, the gauge length, the original width, the shoulder radius and the original thickness of the test piece,
respectively. Minil and Mini2 are designed non-standard tensile specimens. (c) Planning of Mini2 specimen on the 200g

RAP strip.
3. Results and discussion
3.1.  Repeatability of miniaturized tensile specimens

testing results

Figure 2 shows the engineering stress—strain curves for
DP800, DP600 and 316L alloys for Minil (Top) and Mini2 (Bot-
tom) for L-bar (Longitudinal) and T-bar (Transverse)
specimens.

The different family of curves show that the results, ob-
tained from the non-standard Minil and Mini2 design, for
each of the materials tested are in the target ranges. DP800
and DP600 have the highest strength of the order of 800 and
600 MPa, respectively. The increase in DP800 strength,
compared to DP600, is because of the increased proportion of
martensite/bainite compared to ferrite [25]. For 316L steel, the
highest strength is around 450 MPa and the value is a bit lower
than the expected value 500 MPa. This is may due to the
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Table 2 — Tested tensile bar dimensions. L, L, L,, by, R and a, denote the total length of test piece, parallel length, gauge
length, original width of the parallel length of a flat test piece, the shoulder radius and the thickness of the bar, respectively.

Slimness ratio and aspect ratio are defined as ———
P v ao+bo

bo

L, 1 . .
° _ and 2. No. denotes the number of the tests for each dimension and

material (for DP800 and DP600, the value is the total number of L-bar and T-bar).

L; Lc L, bo R Lo/L.  Lo/bo  (Le-2bo)/Lo dg Slimness ratio AR  No

(mm) (mm) (mm) (mm) (=) () () ) (mm) ) ) ()
A80 DP800 260 120 80 20 25 0.67 4 1 1.2 16.33 0.06 2
DP600 1.6 14.14 0.08 2
316L 1.3 15.69 0.07 3
A50 DP800 200 75 50 12.5 15 0.67 4 1 1.2 12.91 0.10 6
DP600 1.6 11.18 0.14 6
316L 1.3 12.4 0.10 3
ASTM25 DP800 76 32 25 6 6 0.78 4.17 0.8 1.2 9.32 0.20 6
DP600 1.6 8.07 0.27 6
316L 1.3 8.95 0.22 3
Minil DP800 60 12.5 10 3 3 0.8 3.33 0.65 1.2 5.27 0.4 8
DP600 1.6 4.56 0.53 6
316L 1.3 5.06 0.43 6

Mini2 DP800 41 9 5 2 1.5 0.56 2.5 1 1.2 3.23 0.6 17
DP600 1.6 2.80 0.8 6
316L 1.3 3.10 0.65 4

manufacturing method of the 316L steel MTS: the additive
manufacture method may cause some internal defect, e.g.
porosity, and therefore affect the test result [24]. It can also be
seen that the total elongation values (e) for the AM-
manufactured 316L steel shows relatively more scatter
across the samples, this is discussed later. Some variation in
total elongation is observed but this is common due to the
nature of post-necking behaviour.

The results also indicate that the MTS designs, Minil and
Mini2, can provide repeatable tensile results. These consistent
tensile test outputs can be used to compared with benchmark
values (results obtained from the standard specimens) to
evaluate the effectiveness of Minil and Mini2.

Table 3 — A summary of R,, R, and R, values for DP800,
DP600 and 316L tensile specimen, respectively. RD TD

and PD stand for rolling, transversal and pulling

directions, respectively.

Test 1 Test 2 Test 3
DP800 RD R, (um) 0.690 0.727 0.730
Ry (um) 0.838 0.870 0.892
R, (um) 3.723 4.170 3.907
TD R, (um) 0.681 0.692 0.707
R, (um) 0.835 0.840 0.854
R, (um) 3.553 3.721 4.097
DP600 RD R, (um) 0.740 0.620 0.744
Ry (um) 0.898 0.773 0.894
R, (um) 3.726 3.624 4189
D R, (wm) 0.639 0.789 0.744
R, (um) 0.798 0.967 0.928
R, (um) 3.938 4.627 4.412
316L PD R, (um) 5.307 4.862 5.907
Rq (um) 6.663 5.875 7.037
R, (um) 29.490 25.471 27.352
D R, (wm) 5.097 4.449 4.886
R, (um) 6.224 5.733 6.005
R, (um) 24.727 25.407 25.000

3.2. Strain rate effect

To evaluate the effect of strain rate within the practical test
range a second series of tests were performed. Different
displacement rates were used for Minil and Mini2 specimens.
Figure 3 shows the influence of the strain rate on the values of
YS, UTS, ey, efand fracture time (tj), respectively.

For both the Minil and Mini2 tests the results indicate that
the YS and UTS values tend to increase with increasing strain
rate. However, these differences are less than 5% in the cur-
rent strain rate range. This trend has also been reported for
aluminium alloys and low carbon steels at room temperature
[26]. Furthermore, DP780 and DP600 present similar trend in
the work of Cavusoglu et al. [27] in the strain rate range from 1
x1072 to 6 x10 2. However, it is noticeable that the fracture
time (t;) increases significantly as the strain rate is decreased.
For a RAP process a fixed pulling velocity of 1 mm/min is ad-
vantageous because it allows many tests to be scheduled and
carried out rapidly.

3.3. Young's modulus comparison

Figure 4 shows the calculated Youngs Modulus (YM) for
DP800, DP600 and 316L from the tensile tests undertaken in
accordance with the ASTM-E8 standard [15], using both the
standard and non-standard specimen geometries, but
complying to all other aspects of the standard, such as test
speed and extensometer classes.

The ASTM-E8 standard aims to ensure accurate and
repeatable determination of tensile properties, not elasticity
moduli, and requires a full displacement through to specimen
failure. The large A80 sample geometry gives values of the
Young's modulus which fall within the range of expected
values 180—225 GPa [28], but the non-standard MTS give much
lower values and higher variance than those from the stan-
dard specimens. The 3D printed 316L specimens which should
have a Young's modulus of 200 GPa, gives significantly lower
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Fig. 2 — Stress—strain curves of selected alloys for Mini1 (Top) and Mini2 (Bottom). L-bar and T-bar denote the angle, between

the rolling and the pulling directions, are 0° and 90°, respec
relative consistent results for the selected alloys.

tively. The non-standard Minil and Mini2 designs can provide

values even for the large A80 specimen, but with similar var-
iances across the different specimen geometries. The lower
modulus of the vertically printed specimens is thought to be
due to a combination of variable porosity in the build direction
and residual stress, as the parts were neither stress relieved
nor hot isostatically pressed [22].

There is another standard which specifically covers the
measurement of elasticity moduli using uniaxial testing
which is the ASTM-E111 [29], This test method, not used in the
current work, consists of cycling the specimen within the
elastic region for a minimum of three times before straining
into the plastic range to get tensile yield and strength. This
standard highlights the importance of factors which affect the
use of uniaxial testing, including clamp effect and specimen
alignment, but also requires larger minimum dimensions.
Even taking these test procedures into account and trying to
correct for them [30], it is clear that modulus measurement by
uniaxial testing is not ideal for accurate measurement of
Young's modulus [18].

There are other techniques for elasticity modulus mea-
surement, which are non-destructive and can be used on the
same MTS specimens which will could then also be used for
tensile tests, efficiently contributing to a rapid testing program.
These include ultrasound [22] and thermomechanical analy-
sers [31]. The ultrasound technique is known to be sensitive to
grain size and impurities but more problematical is that the
sample needs to be relatively thick. The thermomechanical
analyser route on the other hand, which consists of a 1 Hz

cyclical three point bending test with a small 2N load, seems
more robust and promising as a test for Young's modulus, and
will be tested by the authors as part of future work.

3.4. YS, UTS, e, and ef comparison

The 0.2% offset strain method was used to calculate the yield
strength. As discussed in the previous section (Sec.3.3), the
measured Young's Modulus are not consistent for different
specimen dimensions, so it is necessary to establish to study
the influence of Young's Modulus variation on the 0.2% offset
YS values. Figure 5 shows DP800 stress—strain curves (strain
values to 2%) of A50 and Mini2 specimens.

In the figure, the target range of DP800 YS values are based
on automated plant measured data on A80 samples from Tata
Steel. The results shows that measured Young's Modulus of
Mini2 is much smaller than that of A50 standard specimen.
However, this difference has negligible effect on the 0.2%
offset YS values for the current cases. The 64.9% variance of
Young's Modulus values result in 5.5% variance of YS values.
All the YS values locate in the target range, even for the
smallest DP800 YS obtained from the smallest dimension
Mini2. This indicates the discontinuity of Young's Modulus
will not affect the YS values much across the range of the
current selected bar dimension.

Figures 6—-8 show the UTS, YS, ey and ef results ranges of
DP800, DP600 and 316L for different tensile bar dimensions,
respectively.
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For DP800 and D600 (Fig.6 and Fig.7), the results show that
result differences of the UTS, YS and ey obtained from
standard tensile specimens (A80, AS0 and ASTM25) and the
current designed non-standard dimension (Minil and Mini2)
are small. However, some result differences were observed
for 316L steel (Fig. 8). This is due to the tensile specimen
manufacturing method. EDM method was used for DP800
and DP600 and AM method was adopted for 316L steel.
Therefore, some defects, e.g. porosity, could influence the
UTS, YS and ey values. For all the cases, the total elongation
increases as the specimen dimension is decreased. This is

due to the differences of the aspect ratios for each design
which will be discussed later. Table 4 shows The absolute
value differences between averaged Mini2 and A80 test out-
puts of UTS, YS, ey and ef for DP800, DP600 and 316L steel,
respectively.

These results further show the levels of the result variation
between non-standard Mini2 and standard A80 dimensions.

Figure 9 shows result difference (RD) of UTS, YS, ey and efin
percentage between A50/ASTM25/Minil/Mini2 and A80 for
DP800 (Top: L-bar), DP600 (Middle: L-bar) and 316L (Bottom),
respectively.
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Fig. 4 — The measured Young Modulus v.s. specimen dimensions for DP800 (in black, Left), DP600 (in red, Middle) and 316L
steel (in blue, Right), respectability. Young Modulus are hard to capture precisely, especially for the miniaturized specimens.
In the box-plot figure, the x, [] and — represent the data limit (both upper and lower), the mean and the median of the data,

respectively.
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Fig. 5 — DP800 stress—strain curves of A50 (in black) and Mini2 (in red). Lower value of Young's Modulus is not necessarily

results in lower value of YS.

The results indicate that even for the standard dimensions
(A80, A50 and ASTM25), there are differences between the
measured values. Notice that the difference between A80 and
Mini2 is comparable to the difference between ASTM25 and
the larger standard test pieces. For DP800, DP600 and 316L,

the maximum RD% values, among UTS, YS and ey, are in
the ranges of —4.16%—13.9%, —7.71%—11.43% and —19.59%—
14.03%, respectively.

In the work of Kashaev et al. [16], a similar (but not iden-
tical) tensile specimen dimension (named micro-tensile in
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Fig. 6 — The UTS, YS, ey and esresult range of DP800 for different bar dimensions Left: L-bar and Right: T - bar. In the box-plot
figure, the x, [0 and — represent the data limit (both upper and lower), the mean and the median of the data, respectively.
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that work), compared to Mini2 in the current research, was
adopted to study Inconel 625, 718 and Ti—6Al-4V alloys,
respectively. The thickness of designed specimen is 0.5 mm.
Also, another similar (also not identical) dimension (named
miniature specimen in that work), compared to Mini2, was
used to study the strength of CrMoV weldment by Yang et al.
[18]. The thickness of was 1 mm in that work. Figure 10 shows
the results difference percentages of the UTS and YS for
different alloys in different research work.

The results difference percentages are calculated between
the tensile results from the Mini2 (or similar) dimension ten-
sile bar and from the standard tensile specimen (micro-tensile
v.s ASTM E8 [16], Mini2 v.s ASTM25 and miniature specimen
v.s. standard round bar [18], respectively). The results shows
that compared to the work of Kashaev et al. and Yang et al.,
the results difference percentage of the current Mini2 design
in the similar level of range, e.g. < 12%.

3.5. Size effect on e

The Bertella-Oliver formula [32] was used to convert the total
elongations of different tensile specimen dimensions. The
equations can be expressed as follows:

K\"
e=e, (K>

(Lo)r

V@), (bo),’

(1)

r =

and

Lo
Vao+bo

In the equation, e and e, are the total elongations of tensile
specimens with slimness values K and K,, respectively. The
subscript r denotes the reference specimen dimension. Lo, do
and bo represent the gauge length, the thickness and the width
of the parallel section of the tensile specimen, respectively. n
is a constant depending on the material composition, for
example, n values are 0.4 for carbon steel and 0.127 for
austenitic stainless steels [26]. However, some limitations
apply when using the those equations: the ratio of tensile bar
width to thickness should smaller than 20 and the slimness
ratio should be smaller than 25. By comparing these two
limitation ratios to our extreme cases, we have 16.67 < 20 and
16.33 < 25. Therefore, the Bertella-Oliver formula is considered
valid in the current work.

Figure 11 shows the total elongation variation with the
tensile specimen slimness ratio K (Lo/+/do - bo) for DP800, DP600
and 316L, respectively.

The results indicate that the total elongation decreases as
the slimness ratio values increase. The lines represent fits
made using n values of 0.11 (in blue), 0.31 (in red) and 0.2 for
316L stainless steel, DP600 (L-Bar) and DP800 (L-Bar),
respectively. The results show that a relatively good agree-
ment was achieved by using these n values. This can help
predict the total elongation with different specimen
dimensions.

K=

(3)



https://doi.org/10.1016/j.jmrt.2021.09.029
https://doi.org/10.1016/j.jmrt.2021.09.029

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:1830—-1843

1839

a 600

550 g ﬁ
400 - UTS é

(%

(=3

(=]
1

Stress (MPa)

)
B
&

s
350 T T T T T
A80 AS0 ASTM25 Minil Mini2
b Bar dimension (-)
80
754
1 e,
70
654
T 601
N |
.E 554 E
<
j-: <4
< 50
45
| B B @
35 T T T T T
A80 A50 ASTM25 Minil Mini2

Bar dimension (-)

Fig. 8 — The UTS, YS, ey and e result range of 316L steel for
different bar dimensions. In the box-plot figure, the x, [
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mean and the median of the data, respectively.

3.6. Fractography analysis

Fracture surfaces of ASTM25 specimen were investigated
using scanning electron microscopy (SEM). Figure 12 shows
the wide view and higher magnification images of fractured
surfaces (parallel to the loading axis) and as-received mate-
rials’ microstructures in the rolling direction (RD) cross-
sectional view of commercial DP600 steel sheets.

Both materials have a uniform dispersion of a second
phase martensite and a fraction of bainite (indicated by arrow

Table 4 — The absolute value differences between

averaged Mini2 and A80 test outputs of UTS, YS, ey and ef
for DP800, DP600 and 316L steel, respectively.

AUTS (MPa) AYS (MPa) Aey (—) Aer(-)
DP800 L-bar 34.89 51.49 1.28 4.41
T-bar 33.88 29.74 0.41 6.30

DP600 L-bar 36.77 16.19 1.94 17.74
T-bar 5.62 17.17 1.50 9.65
316L = 57.24 44.77 2.88 6.09
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Fig. 9 — The result difference (RD) of UTS, YS, ey and e in
percentage between A50/ASTM25/Mini1/Mini2 and A80 for
DP800 (Top: L-bar), DP600 (Middle: L-bar) and 316L (Bottom),
respectively. In the box-plot figure, the x, [1 and —
represent the data limit (both upper and lower), the mean
and the median of the data, respectively.

in Fig. 12 (c)). Banding features are also visible in both mate-
rials, form along the rolling direction due to segregation of
alloying additions in commercially manufactured steels.
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Fig. 10 — The results difference (RD) of the UTS and YS for
different alloys.

DP800 shows significant banding as well as centreline segre-
gations in the middle of sheet thickness (Fig. 12 (f)). The DP600
specimen (Fig. 12 (a)) has a smaller fracture surface area as
compared to DP800 (Fig. 12 (d)), which indicates necking to a
larger extent in DP600. This is in agreement with tensile test
results where DP600 showed higher post-necking elongation
until fracture. Both DP600 and DP800 steels show character-
istic dimples (Fig. 12 (b), (e)), which imply a ductile fracture
mode with localised deformation in the necking region. It also
suggests microvoid formation and coalescence are the domi-
nant fracture mechanisms, which is usual in tensile testing of
those commercial dual phase steels [33,34]. Some deep and
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Fig. 11 — The total elongation v.s. tensile specimen

slimness ratio (Lo/\/do*bo) for DP800, DP600 and 316L,
respectively.

elliptical dimples are also seen which may be related to
cracking of hard second phase (martensite) while the sur-
rounding softer ferrite continues to deform until tensile frac-
ture. A large cup-shape in the central region of a fracture
surface and reduction in cross-section/thinning of specimen
in necked regions (Fig. 12 (a) and (d)) may be caused by coa-
lesce of voids in the central region.

The fracture surface of small size 316L tensile specimen
and the microstructure of as-built ALM material are presented
in Fig. 13.

SEM analysis revealed large sized pores near the edges of
the material (Fig. 13 (c)), as shown in a low magnification
backscattered electron (BSE) image of a transverse cross-
section prepared through the middle (gauge length region) of
an as-built small size tensile bar. Figure 13 (d) reflects micro-
structure and melt pool tracks in the side-view plane, normal
to the build direction. Fine sized gas bubbles in melt pools and
shrinkage at grain boundaries were also observed in the areas
away from the edges during SEM investigations, as shown in
Fig. 13 (c) and (d) (indicated by arrows). ALM built 316L had the
lowest tensile strength but much greater elongation
compared to the DP steels and revealed many large and deep
voids at the fracture surface (Fig. 13 (a), (b)). This may be
attributed to the inherent porosity and shrinkage in the AM
built material. Although, 316L shows the largest elongation
from the stress—strain data this is not so apparent from
fractography analysis. This discrepancy between apparent
local brittle fracture behaviour and high global bulk ductility
has been noticed before [23,24], and may be related to the laser
spot size and high cooling rates affecting local microstruc-
tures and porosity during AM manufacture. 316L showed
smaller necked cross sectional area and the largest total
elongation.

For the three steels investigated, the additively manufac-
tured 316L displayed the highest ductility with ¢ in excess of
50% for all tensile bar dimensions. This is due to the micro-
structure comprising of the inherently ductile face centred
cubic (FCC) austenite phase. Both DP600 and DP800 contain
both ferrite and martensite which have body centred cubic
(BCC) and body centred tetragonal (BCT) structures respec-
tively. These phases are both less ductile than austenite,
resulting in lower ductilities observed for the dual phase
steels.

4, Conclusions

In this research we proposed new designs of miniaturized
tensile specimens (MTS) with smaller slimness ratios
compared to the current standards for standard specimens.
The effectiveness of the MTS was validated via experiments;
covering three different alloys (DP800, DP600 and 316L stain-
less steel) and two manufacturing methods (Electrical
Discharge Machining and Additive Manufacturing). The main
conclusions can be summarized as follows:
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(d)

Fig. 12 — Overview (a, d) of fractured surfaces and magnified SEM (b, e) images of ASTM25 tensile specimens and as-received
material microstructure in the rolling direction of DP600 (a—c) with arrows indicating bainite and DP800 (d—f), arrow
indicating centreline segregations.

1. The current design of MTS, e.g. Mini2, can report consistent 2. The tensile test results obtained from the current designed
and repeatable tensile results for all the selected alloys for MTS with smaller slimness ratios can still represent bulk
both manufacturing methods and in the case of DP steels material properties. The maximum difference percentage
rolling direction as well. This answered question 1 & 2 ranges (between Mini2 and the baseline for the three
raised in Sec.1. different alloys) are -10.7%—5.5%, —11.3%—6.5% and

SEl 20kV WD31mmSS63
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Fig. 13 — Fractured surface of tensile tested 316L. ASTM25 specimen (a, b) and BSE image (c) from transverse cross-sectional
view of as-built ALM 316L sample, while (d) microstructure in the side direction i.e. vertical to the build-direct (laser axis).
White arrows indicate gas bubbles and black arrows for shrinkage at grain boundaries.
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—11.1%—0.2% base on A80, A50 and ASTM25, respectively.
This answered question 3 raised in Sec.1.

. The designed MTS tensile test outputs are not so sensitive

(less than 5%) to the strain rate in the current strain rate
range. This answered question 4 raised in Sec.1.

. The differences between miniature specimens and stan-

dard specimens are of the same order as the differences
between the different standard specimens. This gives
confidence in using these MTS geometries for character-
ising the mechanical properties of samples manufactured
using a RAP process.

. The Bertella-Oliver formula was used to convert the total

elongations of different tensile specimen dimensions. The
geometrically dependent constant (n) values are 0.2 and
0.31 for DP800 and DP600 alloys, respectively.

Further work will focus on the mechanical testing of the

materials obtained through small scale Rapid Alloy Prototyp-
ing process by using Minil/Mini2 design. A further study on
the discontinuity of Young's Modulus and its technique

im

provement may also be interesting.
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