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Deep cryogenic treatment (DCT) and secondary tempering for 40CrNiMoA steel were carried out to obtain
the desirable microstructures corresponding to excellent mechanical properties suiting for the preparation
of flex spline of harmonic drive reducer. The effects of DCT and secondary tempering on microstructural
characteristics and mechanical properties were investigated by x-ray diffraction, scanning electron mi-
croscopy, electron backscattered diffraction and transmission electron microscopy, in association with
property measurements. The results show that the DCT promotes the transformation of retained austenite
to martensite, the precipitation and homogeneous distribution of carbides as well as the refinement of
martensitic substructures. The structural and morphological changes significantly improve the hardness,
yield and tensile strength of steels, but slightly lower the elongation of them. Further secondary tempering
at special temperatures can successively increase the elongation and fracture toughness of the DCT-treated
40CrNiMoA steels at the cost of slight decrease in hardness and strength due to the reduction in dislocation
density. Therefore, the DCT in combination with secondary tempering can improve the comprehensive

mechanical properties of 40CrNiMoA steels to produce the flex spline with a higher lifetime.
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1. Introduction

As a new type of gearing transmission, the harmonic drive
reducer has the higher compactness, the lighter weight, the
higher transmission ratio and transmission accuracy when
compared with the traditional gearing transmission (Ref 1).
Thus, it has been widely used in the fields of aerospace and
industrial robots (Ref 1). Flex spline, being one of key
components of harmonic drive reducer, should have high
precision, high torsional rigidity of output, abrasion resistance
and anti-fatigue. To satisfy these performance requirements, the
vacuum-heat-treated ultra-pure bearing steels were commonly
carried out to produce the flex spline.

As one of the typical ultra-pure bearing steels, the quenched
and tempered (QT) 40CrNiMoA steels show high strength and
fracture toughness and therefore are used widely to produce
kinds of axles, fasteners, traditional gears and turbine shafts. In
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industrial applications, the 40CrNiMoA steels have been also
carried out to produce the flex spline, but it is unclear whether
or not conventional QT-treated 40CrNiMoA steels are suit-
able for the preparation of flex spline due to that the
corresponding data belongs to trade secrets.

Deep cryogenic treatment (DCT) at liquid nitrogen temper-
ature (— 196 °C) is a supplementary process to conventional
heat treatment before tempering (Ref 2). In past decades, the
DCT has been applied mainly in high-speed steels, stainless
steels and die steels (Ref 3-8). It has been demonstrated that the
DCT does not only give dimensional stability to the compo-
nents, but also improves mechanical properties such as
hardness, wear resistance and fatigue strength (Ref 9-12). In
general, the mechanisms to improve the mechanical and
tribological properties of steels are closely associated with the
transformation of retained austenite to martensite (Ref 13, 14),
as well as the precipitation and distribution of fine carbides (Ref
15). Although a few investigations on the DCT effect have been
reported regarding carbon steels (Ref 2), the investigations on
microstructures in more details are limit, and the relationships
among the heat treatment methods, microstructures and
mechanical property are not understood well.

In present work, we systematically study aforementioned
relationships by x-ray diffraction (XRD), scanning electron
microscopy (SEM), electron backscattered diffraction (EBSD)
and transmission electron microscopy (TEM), in association
with property measurements. Our results show that the DCT is
introduced to promote the transformation of retained austenite
to martensite, the refinement of martensitic substructure,
precipitation and homogeneous distribution of carbides, but
does not affect grain size of prior austenite. Secondary
tempering at special temperatures (lower than first tempering
temperature) almost does not affect the microstructure features
beside dislocation density within the martensitic laths. As a
result, the DCT enhances the yield strength, tensile strength and
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fracture toughness of 40CrNiMoA steel, and to further ensure
the long lifetime of flex spline. DCT in combination with
secondary tempering at special temperatures can obtain much
more excellent comprehensive mechanical properties.

2. Materials and Experimental Procedure

2.1 Material Preparation

A commercial 40CrNiMoA steel, with chemical composi-
tions of 0.44 wt.% C, 0.86 wt.% Cr, 0.20 wt.% Mo, 1.72 wt.%
Ni, 0.78 wt.% Mn, 0.26 wt.% Si, 0.02 wt.% P, 0.01 wt.% S and
balance for Fe, was supplied in normalized condition. In order
to evaluate the DCT effect, conventional QT method was used
as a reference. In this case, several groups of samples were
subjected to the QT method including: austenitizing at 830-
860 °C for 30 min in a tube furnace under flowing nitrogen
atmosphere, followed by oil quenching at room temperature,
and finally tempered at 550-600 °C for 2 h.

The DCT treatment consisted of oil-quenched samples at
room temperature to about — 30 °C for 3 h, and then to
— 196 °C for 24 h, and finally bring the samples back to room
temperature. The DCT treatment was performed directly after
oil quenching at room temperature, and followed by tempering
treatment. In order to obtain desirable microstructures and
mechanical properties, some quenched samples were tempered
for twice. In this work, different heat treatment sequences were
used to evaluate the response of 40CrNiMoA steel to cryogenic
treatment (Table 1).

2.2 Measurement Methods

The standard dimensions for tensile test and Charpy impact
test were machined according to the ASTM E 517-00 and ASTM
E 23, respectively. The tensile experiments were performed on an
Instron 3369 machine controlled under a constant crosshead of
3 mm/min until fracture, and the Charpy V-noted experiments
were employed by an Instron Dynatup 9200 weight impact tester
at room temperature (25 °C). The hardness values of all tested

samples were measured by a Vickers hardness tester with a load
of 500 g, and each hardness value is an average value of five test
points. The loading, dwelling and unloading time for Vickers
hardness tests was 15 s, respectively. The lifetime of harmonic
drive reducer was tested by our self-made test equipment at room
temperature, and corresponding schematic diagram was shown in
the literature (Ref 16). Specific parameters including harmonic
drive reducer and test equipment are not shown here due to the
business secrecy, and only finally lifetimes are given out in the
present work.

Prior to microstructural characterizations, all samples were
ultrasonically cleaned in ethanol. A Bruker D8 advance x-ray
diffractometer operating with Cu Ko radiation with vanadium
filters at 50 kV and 150 mA was used for phase analysis. The
scans recorded in the range of 30°-100° with a step of 0.02° and
a dwelling time of 0.5 s. The volume fraction of retained
austenite were estimated according to the ASTM standard
E975-00 (Ref 17), considering the {200}, {220} and {311}
crystal planes of retained austenite and {200}, {211} and {220}
crystal planes of martensite. A FEI Nano 430 scanning electron
microscopy (SEM) equipped with a Nordlys Nano Oxford
detector of electron backscattered diffraction (EBSD) operating
at a voltage of 20 kV was used for microstructural analysis in
more details. Then, EBSD mapping was processed by the
standard EBSD processing software to obtain the prior
austenitic grain size and packet size. At least 100 prior
austenite grains and 300 packets were used for statistically
measuring size. At less fifteen TEM images were used to
determine the average width of martensitic laths in each tested
sample by Photoshop software. The samples for SEM obser-
vations were first mechanically polished and then etched with
5% nital solution for 15s. The contents of carbides were
roughly measured by combination of Photoshop software and
OM analysis software. A JEM 2010 transmission electron
microscopy (TEM) equipped with an EDS operating at 200 kV
was performed for microstructural examinations in more
details. The TEM samples were first prepared by mechanical
polishing and then by electro-polishing with solution of 10
vol.% perchloric + 90 vol.% acetic acid at room temperature
with an applied voltage of 35 V.

Table 1 Detailed heat treatment processes of tested samples and corresponding hardness

Heat treatment

Names Quenching temperature, °C DCT 1st tempering 2nd tempering Hardness, HV
A 850 °Cx0.5 h No No No 561.2 £ 5.6
B 830 °Cx0.5 h No 580 °Cx2 h No 313.6 £3.2
C 850 °Cx0.5 h No 580 °Cx2 h No 308.7 £ 2.8
D 880 °Cx0.5 h No 580 °Cx2 h No 3029 £ 2.2
E 850 °Cx0.5 h Yes No No 584.6 £ 5.1
F 830 °Cx0.5 h Yes 580 °Cx2 h No 3414 £+ 3.1
G 850 °Cx0.5 h Yes 580 °Cx2 h No 336.2 £ 3.2
H 880 °Cx0.5 h Yes 580 °Cx2 h No 332.1 £ 2.1
1 830 °Cx0.5 h Yes 600 °Cx2 h No 286.7 £ 2.2
J 830 °Cx0.5 h Yes 580 °Cx2 h 580 °Cx2 h 3124 £ 2.8
K 830 °Cx0.5 h Yes 580 °Cx2 h 540 °Cx2 h 3277 £34
L 850 °Cx0.5 h Yes 580 °Cx2 h 580 °Cx2 h 3094 £ 29
M 850 °Cx0.5 h Yes 580 °Cx2 h 540 °Cx2 h 3294 £ 24

Journal of Materials Engineering and Performance

Volume 29(1) January 2020—11



Table 2 YS, UTS, EL and fracture toughness of the tested samples

Names YS, MPa (Experimental value) UTS, MPa EL, % Ay J
B 919.2 £ 7.1 10124 £ 9.2 184 + 0.9 372 +£ 2.1
C 909.5 + 8.6 1009.2 + 9.3 173 £ 1.0 332+24
D 901.6 + 8.4 1002.9 £ 9.2 17.0 £ 1.1 295 £ 1.7
F 988.8 £ 6.9 1066.6 + 8.8 169 £ 1.2 334+ 14
G 965.8 £ 7.3 1052.6 + 8.9 163 £ 1.3 30.1 £ 2.0
J 8814 £ 78 968.7 + 7.1 184 + 1.3 78.3 £ 2.1
K 950.8 + 8.2 10453 £ 8.2 17.0 £ 0.9 365+ 1.8
M 969.1 + 7.7 1049.1 £ 9.4 173 £ 1.5 408 £ 1.9
3. Results

M(110) (1) A-sample
3.1 Property Measurements (2) E-sample

(3) C-sample
According to the stress—strain curves of experimental

samples, Table 2 shows the yield strength (YS), ultimate —~
tensile strength (UTS) and elongation (EL) of them. As can be 5
seen, for the un-DCT-treated samples (B, C and D), with the }:
increase in quenching temperature from 830 to 880 °C, the YS R .
and UTS are slightly decreased from 919.2 £ 7.1 to § = = P~ a q
901.6 + 8.4 MPa and from 10124 £ 9.2 to RS =l S M(002) S Ma) = =
1002.9 + 9.2 MPa, respectively, and simultaneously the EL 3) s A N o %
is slightly decreased from 18.4 £ 0.9 to 17.0 = 1.1%. After Q) ' ' . .
the DCT, the YS of both F- and G-samples is increased to a :W :
988.8 £ 6.9 and to 965.8 £ 7.3 MPa, and their corresponding — g - - J.L IJL A N

UTS are also increased to 1066.6 £8.8 and to
1052.6 + 8.9 MPa, but the EL is somewhat decreased. For
the J-sample, its YS and UTS are decreased to 881.4 + 7.8 and
to 968.7 £ 7.1 MPa, much lower than those (969.1 &+ 7.7 and
1049.1 + 9.4 MPa) of M-sample, but its EL is slightly
improved.

The effects of DCT and secondary tempering on impact
energy have been carried out, and corresponding measured
results are also in Table 2. It can be found that the impact
energies of B- and C-samples are 37.2 £ 2.1 and 33.2 £ 2.4 ],
whereas the ones of F- and G-samples are 33.4 &+ 1.4 and
30.1 £ 2.0 J, respectively. This indicates that DCT-treated
samples show the lower fracture toughness when compared
with the QT-treated samples. For the secondary tempered
samples, the impact energies of M-, K- and J-samples increased
to 40.8 £ 1.9, 36.5 = 1.8 and 78.3 & 2.1 J, respectively. This
indicates that the secondary tempering can increase the fracture
toughness of DCT-treated samples.

3.2 Microstructural Characterizations

3.2.1 XRD Analysis. Conventional XRD method was
carried out to identify the retained austenite of tested samples
(named as A, C and E in Table 1), and corresponding results
are shown in Fig. 1. As can be seen, compared to the A-sample,
the diffraction peaks from the retained austenite (y-phase) of
the E-sample have been weakened substantially. Further
calculated results show that the volume fraction of retained
austenite in A-sample is about 6.2%, and after the DCT, the one
in E-sample is rapidly reduced to about 3.5%. This indicates
that the DCT can effectively induce the phase transformation of
retained austenite to martensite, resulting in an increase in
hardness from 561.2 4+ 3.6 to 584.6 £+ 4.1 HV (Table 1), but
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Fig. 1 Typical XRD patterns of A-, C- and E-samples

this phase transformation is incomplete. For the QT-treated
sample (C-sample) with DCT, only diffraction peaks from
martensitic structure are observed (Fig. 1), indicating that the
retained austenite has completely transformed into tempered
martensite during the tempering process, resulting in a
notable loss in hardness from 584.6 £ 4.1 to 308.7 + 2.8 HV.

3.2.2 The Effect of DCT on Microstructure. It has been
demonstrated that according to crystallographic features, the
lath martensitic microstructures can be generally described by
the descending levels of prior austenite grain, packet, block and
lath. A prior austenitic grain commonly consists of some
martensitic packets with the same habit plane exhibits, and each
packet is composed of martensitic blocks with the same
orientation, and each block is composed of several martensitic
laths (Ref 18). It has been reported that the strength is inversely
proportional to grain sizes of prior austenite or packet size (Ref
19). Therefore, structure evolutions during the heat treatment
processes can directly reflect the changes in mechanical
properties.

Figure 2 shows typical EBSD orientation maps of QT
samples without DCT (named as D-, C- and B-samples in
Table 1). The primary austenite indeed consists of several
martensitic packets. The average grain sizes of prior austenite
of the D-, C- and B-samples are 15.2 pm (Fig. 2a), 13.1 um
(Fig. 2b) and 11.3 pm (Fig. 2d), respectively, and the corre-
sponding martensitic packet sizes are 4.54, 3.37 and 2.59 um,
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Fig. 2 Typical orientation imaging maps (inverse pole figure (IPF) [001] color maps obtained from EBSD analysis) of lath martensitic structure
in tested samples: (a) D-sample; (b) C-sample; (c) G-sample; (d) B-sample. Note that black lines in maps show the prior austenite grain
boundaries (GBs) with mis-orientation angles larger than 15° (Color figure online)

respectively. The grain sizes of both primary austenite and
martensitic packet increased with the quenching temperature
increase, indicating that the quenching treatment at 830 or
850 °Cis beneficial for obtaining the finer grain sizes in
comparison to quenching treatment at 880 °C. Both the G-
sample and C-sample have the same quenching and tempering
process, and grain sizes of prior austenite of them are basically
the same, but the packet size (2.57 um) of the G-sample is
much smaller than that (3.37 um) of the C-sample. This
indicates that the DCT promotes the refinement of martensitic
packets.

Compared with the tempered martensitic matrix, the car-
bides show much better corrosion resistance against 3.5% nital
solution. So in SEM images, the carbides and the martensitic
matrix should show the bright contrast image and the gray
contrast image, respectively, and therefore can be directly
distinguished in SEM images.

Journal of Materials Engineering and Performance

In order to roughly calculate the carbide percentage, the
samples were etched deeply, and the corresponding SEM and
binary images are shown in Fig. 3. It can be seen that for the
QT samples with and without DCT (taking the C-sample and
G-sample for example), the carbide percentage in C-sample
(Fig. 3a and b) is about 1.11%, lower than that (2.98%) in G-
sample (Fig. 3c and d). In addition, careful observation shows
that some fine carbides combine to form long-chain-like
carbides with approximately parallel direction with each other
(as shown the elliptic regions in Fig. 3d). The similar method
was also used to measure the carbide percentages in the other
tested samples. Corresponding results demonstrate that the
percentages of carbide percentages in B- and D-samples are
successive 1.09 and 1.12%, whereas the ones in F- and H-
samples are 2.95 and 3.08%, respectively. Obviously, regarding
the samples with the same quenching and tempering processes,
the DCT-treated samples always contain the higher carbide
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Fig. 3 Typical SEM and binary images for image analysis of tested samples quenched at 850 °C and tempered at 580 °C: (a) SEM image, C-
sample; (b) binary image of (a); (c) SEM image, G-sample; (d) binary image of (c)

percentages when compared with un-DCT-treated samples.
Moreover, it can be found that the distributions of carbides in
DCT-treated samples are much more homogeneous when
compared with the un-DCT-treated ones. It is claimed that
during the DCT process, structure shrinkage at ultra-low
temperature and notable difference in expansion coefficient
between retained austenite and martensite produce a high
degree of stresses. Such high stresses force the interstitial
carbon atoms to migrate into the neighboring defects such as
dislocations or phase interfaces. The migrated carbon atoms
provide preferentially new sites for the carbide nucleation in
subsequent tempering (Ref 10). Hence, the DCT-treated sample
shows higher carbide percentage and more homogeneous
distribution of carbides when compared with un-DCT-treated
sample.

Figure 4 further shows typical morphologies of carbides in
un-DCT- and DCT-treated samples (taking the C- and G-
samples for example). It can be seen that the carbides in G-
sample (Fig. 4b) are much smaller when compared with the C-
sample (Fig. 4a), and its distribution is indeed more homoge-
neous (Fig. 4b). The even sizes of the carbides for C-sample
and G-sample are 0.11 and 0.06 pm, respectively. Figure 4(c)
further shows a typical EDS spectrum of a carbide particle. It
shows that the carbide contains about 30.4 at.% C, 3.1 at.% Cr,
2.2 at.% Mn and the balance for Fe, and its selected-area
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electron diffraction pattern (SAEDP, Fig. 4d) certifies that the
carbide corresponds to cementite, also called as alloying
cementite (0-(Fe,Cr,Mn);C), without exceptions. Such dis-
persed carbides can impede the dislocation movement by
following the interaction mechanism of shearing or bypassing,
resulting an increase in strength (Ref 20).

To study the effect of DCT on substructures of the tempered
martensite, the un-DCT-treated B and DCT-treated F-samples
were carried out, and corresponding results are shown in Fig. 5.
It can be seen that the B-sample has an average block width of
2.08 um (Fig. 5a), whereas the F-sample has a much smaller
average block width of 1.12 um (Fig. 5b). TEM observations
further demonstrate that the laths in F-sample are much more
straight compared to the B-sample. The average width of
martensitic laths in B-sample is about 0.72 pum, the bigger than
that (0.33 um) in F-sample (Fig. 5Sc). The refinement of
martensitic substructures (martensitic laths and their subunits)
should be related to the decomposition of martensite and the
formation of superfine carbides during the tempering after
DCT. High stresses, caused by martensitic shrinkage at ultra-
low temperature and different expansion coefficient between
the retained austenite and martensite, enforce carbon atoms to
segregate at dislocation lines, and finally become the bound-
aries of new subunits in martensitic laths (Ref 21). Thus, the
martensitic laths are refined after DCT and tempering.

Journal of Materials Engineering and Performance
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Fig. 4 Typical TEM morphologies, chemical composition and SAEDP of carbides in tested samples (C and G) quenched at 850 °C and
tempered at 580 °C: (a) TEM image, no DCT; (b) TEM image, no DCT; (c) EDS; (d) SAEDP

3.2.3 The Effect of Tempering Temperature on Mi-
crostructures. During the tempering of quenched steels, the
segregation of carbon, the precipitation of carbides, the
decomposition of retained austenite and the recovery and
recrystallization of the martensitic structure occur simultane-
ously (Ref 22, 23). These structural and morphological changes
can simultaneously bring about the softening and hardening in
tempering process. The former is related to the recovery of lath
martensitic structure and dislocation, and the latter is associated
with the decomposition of retained austenite, the dissolution of
supersaturated carbon and the precipitation of carbides.

When the tempering temperature is no more than 580 °C,
tempered samples basically show typical tempered martensitic
structures, without notable differences in microstructural and
morphological features. Therefore, only the microstructures of
the sample tempered at 580 °C are shown here. For compar-
ison, the sample tempered at 600 °C is also shown. Figure 6
shows the typical SEM images of the samples tempered at 580
and 600 °C. As can be seen, the sample tempered at 580 °C (F-
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sample) mainly shows the typical tempered martensitic struc-
ture consisting of martensitic lath and carbides (Fig. 6a and b),
whereas the sample tempered at 600 °C (I-sample) consists of
lath martensitic structure, polygonal grains with irregular grain
boundaries (GBs, as shown the framed zone in Fig. 6¢) and
equiaxed grains (as shown the elliptic zones in Fig. 6c¢). Further
careful observation in Fig. 6(d) reveals that the polygonal grain
is formed by merging of martensitic laths due to the dislocation
motions during the tempering process. The appearance of
equiaxed grains indicates that the recrystallization has occurred,
accompanied by a notable reduction in dislocation density.
Obviously, the formation of polygonal and equiaxed grains
inevitably results in a notable loss in strength due to the
coarsening of martensitic laths and the reduction in dislocation
density.

Further TEM characterizations show that original marten-
sitic laths indeed begin to disappear (Fig. 7a), and to transform
to polygonal grains (Fig. 7b) containing some dislocation cells
with irregular morphologies, and they frequently display low
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Fig. 5 Typical morphologies of martensitic laths in tested samples: (a) IPF [001] color map, B-sample; (b) IPF [001] color map, F-sample; (c)

TEM image, B-sample; (d) TEM image, F-sample (Color figure online)

dislocation density inside but high outside. Meanwhile, it
shows that some martensitic laths begin to merge into a
polygonal grain by dislocation motions (Fig. 7c). In some other
zones, some equiaxed grains appear (Fig. 7d and f). Structure
features of TEM observations are well consistent with findings
of SEM observations. The carbides are coarsened when
compared with the B-sample or F-sample, which is due to
higher tempering temperature.

It is well known, when compared with the tempered
martensite, both polygonal and equiaxed grains are the softer.
Hence, under high external stress conditions, the plastic
deformation preferentially occurs in both polygonal and
equiaxed ferritic grains, resulting in local stress concentration
and follow-up local necking, and eventually resulting in de-
cohesion at ferritic/martensitic interfaces (Ref 24). Moreover,
the coarsening of carbides also results in a loss in mechanical
properties. Therefore, the tempering temperature should be not
more than 580 °C to obtain uniform structures, and further to
ensure excellent mechanical properties.

16—Volume 29(1) January 2020

3.2.4 Effect of Secondary Tempering on Microstructures
of DCT-Treated Samples. Secondary tempering has been
commonly carried out to improve the mechanical properties by
adjustment of internal stress and by eliminating the retained
austenite, especially in high alloy steels (Ref 9, 25). However,
the findings in the present work have shown that the retained
austenite in DCT-treated 4340 steel is negligible. Therefore,
here the secondary tempering temperature at no more than first
tempering temperature is mainly used to adjust the distribution
of dislocations within martensitic laths and internal stress, and
further increase the fracture toughness of the materials.

Figure 8 reveals the typical SEM images of tested samples
(K- and J-samples) via twice tempering processes. As shown in
Fig. 8(a), when the first and the secondary tempering are both
carried out at 580 °C (J-sample), some typical martensitic laths
begin to transform into fine polygonal grains with elongated
morphologies. Figure 8(b) further demonstrates that these
polygonal grains are mainly formed by martensitic lath
merging. When the temperatures of the first and the secondary
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Fig. 6 Typical SEM images of tested samples quenched at 830 °C, DCT-treated and tempered at different temperatures: (a, b) F-sample; (c, d)

I-sample

tempering are 580 and 540 °C, respectively, no notable differ-
ences in microstructure and morphology are observed for the
K-sample, and its microstructures are basically identical to
those of the sample tempered at 580 °C (F-sample) as shown in
Fig. 3(c), still showing typical tempered martensitic structure.
However, compared with the F-sample, the dislocation density
within the martensitic laths of K-sample is somewhat reduced
due to dislocation annihilations as shown in Fig. 9, but the
martensitic lath width (Fig. 9b) and the grain size of carbides
(Fig. 9¢) and cannot be notably coarsened as the second
tempering temperature (540 °C) is the lower than that of the
first tempering temperature (580 °C).

3.3 Fracture Analysis

The fracture behaviors of the B-, C- and D-samples are
similar with each other; hence, only the fractured B-sample was
carried out for failure analysis for this group of samples.
According to this method, the F-, J- and K-samples were also
selected. All the experimental samples were fractured at room
temperature tensile test, and subsequently SEM observations
were performed on the fracture surfaces to further understand
relationships between mechanical property and microstructures
(Fig. 10).
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As shown in Fig. 10(a) and (b), it can be seen that a large
number of equiaxed dimples are observed in fracture surfaces
of the B-sample, basically without the existence of tearing
cracks, and some dimples connect to form coarse cracks (as
shown the elliptic zone in Fig. 10b). This implies that the
fracture mechanism of un-DCT-treated samples is ductile
fracture. As shown in Fig. 10(c), the low-magnified rupture
surfaces of the F-sample are different from those of the B-
sample, mainly showing the dimples and some coarsely long-
chain-like tearing cracks. Moreover, the fine long-chain-like
tearing cracks are also observed in Fig. 10(d), and the fine
tearing cracks are parallel to each other. The appearance of
tearing cracks should be associated with the interfacial de-
cohesion between soft o-Fe matrix and long-chain-like hard
carbides. It has been demonstrated that during high-stress
conditions and at the crack tip, the soft phase yield while the
hard lath phases remain in the elastic state. The internal stresses
at two-phase interfaces incompatibility increase by plastic
deformation of the soft phase. As a result, when the shear
stresses exceed the interfacial bonding strength, inevitably
resulting in the appearance of interfacial de-cohesion. Later, at
de-cohesive zones, the local stress concentration becomes much
more evident, and crack propagations preferentially follow the
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Fig. 7 Typical TEM images of a I-sample: (a) Lath morphology; (b, c) Recovery zones; (d, e) recrystallization zones; (f) carbides

two-phase interfaces, and finally produce numerous tearing
cracks (Ref 26, 27). The similar interfacial de-cohesion was
also observed at interfaces between hard phase and soft phase
in a eutectic high-entropy alloy (Ref 28). Propagation speed of
tear cracks is much faster than that of micropore aggregation
cracks as the stress concentration much more easily occurs at
the tearing crack tips. Hence, the existences of tearing cracks
are claimed to be unconducive to the material ductile and they
are claimed as brittle-fracture feature. However, the dimples are
claimed to be a feature of ductile fracture, and the formation of
dimples involves plastic deformation. So the fracture mecha-
nisms of DCT-treated samples belong to the mixed fractures of
toughness and brittleness. As a result, the un-DCT-treated B-
sample shows the higher fracture toughness when compared
with the DCT-treated F-sample. The similar deformation
mechanisms also occur in M-sample (Fig. 10e), but the number
of tearing cracks in K-sample is the lower relative to the F-
sample due to the reduction in dislocation density. A large
number of coarse tearing cracks are observed in J-sample due to
the appearance of interfacial cohesion between soft polygonal/
equiaxed o-Fe grains and hard martensitic structures which
result in uneven plastic deformation, and eventually failure of
materials. As a result, the strength and hardness of J-sample are
notably reduced.

3.4 Lifetime Measurements of Harmonic Drive Reducer

According to the results of property measurements and
microstructural analysis, the F, G-, K- and L-samples were
selected to fabricate the flex spline, and the B- and J-samples
were selected for comparisons. In our statistical data, the
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numbers of harmonic drive reducers with failures occurring in
flex spline are calculated. Based on the experimental results, it
shows that the average lifetimes of flex splines made of F-, G-,
K- and L-samples are about 6170, 5800, 8640 and 7980 h
respectively, whereas the ones of flex splines made of B- and J-
samples are 4560 and 2950 h, less than the designed value
(about 5000 h). Obviously, the DCT treatment in association
with secondary tempering at special temperatures can effec-
tively increase the lifetime of flex splines.

4. Discussion

It has been demonstrated in the present work that the
mechanical properties are closely dependent on the microstruc-
tures which are controlled by heat treatment methods. The yield
strength of steels associates with various strengthening effects,
which are given in different terms in following equation (Ref26):

(Eq 1)

where the o; is the lattice friction stress, for which o; = 48 — 54
MPa is commonly used for analysis of strengthening mecha-
nisms in steels (Ref 29, 30), but in this work it = 50 MPa was
used; o, is the grain-boundary strengthening; o, is the solid
solution strengthening due to carbon content and other alloying
elements; o, is the precipitation strengthening; o, is disloca-
tion strengthening; and o, is the crystallographic texture
strengthening, here ¢g; = 0 because the texture is not formed
in this work.

00 =0+ 0g+ 05+ Oper + 0, + 0
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Fig. 8 Typical microstructures of quenched and tempered samples with DCT: (a) 850, 580 and 580 °C; (b) 850, 580 and 540 °C; (c) 830, 580

and 540 °C

Fig. 9 Typical TEM images of a K-sample: (a) bright-field image; (b) centered dark-field image of (a); (c) carbides

The o, is expressed by the conventional H-P formula (Ref
31, 32):
Og = 1([-[1:%1’70'5 (Eq 2)

where d is the mean grain size, Kyp is coefficient for steel taken
0.6 MPa*m ™ > (Ref 31, 32).

Journal of Materials Engineering and Performance

The oy is determined by concentration of solutes (Ref 33):
(Eq 3)

where k; is the strengthening coefficient, and ¢; is the
concentration of solute i, wt pct.

o5 = kic;
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Fig. 10 Typical SEM images of tensile fracture surface of the tested samples fractured at room temperature: (a) B-sample; (b) magnified image
of the framed zone in (a); (c) F-sample; (d) magnified image of the framed zone in (c); (e) K-sample; (f) J-sample

The 6, can be used the Ashby-Orowan relationship (Ref
34):

Oper = (0.538be°'5d’1)ln( d ) (Eq 4)

2b
where the shear modulus G = 81.6GPa, the Burgers vector
b =0.248 nm, f and d are the volume fraction and size of
precipitates, respectively.
The o, can be obtained using the Bailey-Hirsch relation (Ref
35, 36):

0, = aMbGp"? (Eq 5)
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where o is a constant, and M is the Taylor factor, p is the
dislocation density, and the p = 0.96 x 10'> m~2 for quenched
and tempered sample (Ref 37). The value a x M for Fe was
experimentally estimated to be 0.5 (Ref 37).

In order to illustrate the contributions from strengthening
mechanisms to yield stress, a group of samples (taking the B-,
F- and G-samples for example) were carried out. For the B- and
F-samples, the solubility of carbon atom in for quenched and
tempered samples with and without DCT treatment is 0.0218
and 0.06 wt.% [f]. So the g, values of the samples with and
without DCT treatment are 71 and 26 MPa in this work,
respectively. The grain sizes of prior austenite of both B- and F-
samples are 11.3 um due to the same quenching process. The
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Table 3 Contributions from different strengthening mechanisms

Calculated data, MPa

Experimental data, MPa

Treatment o og oy Opet ap ot YS

B-sample 50 178 71 558 314 0 919.2

F-sample 50 178 26 1527 >314 0 988.8
K-sample 50 178 26 1527 <314 0 950.8
percentages of carbides in B- and F-samples have been 1. For QT-treated samples, the DCT effectively promotes
estimated to be equal to 1.09 and 2.95 wt.%, and the sizes of the transformation of retained austenite to martensite, the
carbides of them are 0.11 and 0.06 um by statistically refinement of martensitic substructures and the precipita-
measurements of at less 500 carbides. Because the secondary tion and even distribution of 6-phase carbides, resulting
tempering temperature of the G-sample is 540 °C, the lower in a notable increase in hardness, yield strength and ten-
than the first tempering temperature (540 °C), it can be claimed sile strength, but a slight loss in elongation and impact
that the secondary tempering cannot have a basic effect on the energy.

carbon solubility, grain size, as well as the percentage and size 2. Secondary tempering at special temperatures can succes-

of carbides. So the carbon solubility, grain size, as well as the
percentage and size of carbides are 0.0218 wt.%, 11.3 pum,
2.95 wt.% and 0.06 um. But the secondary tempering can
effectively reduce the dislocation density which has been
confirmed by TEM observations (Fig. 7 and 9).

The calculated contributions from strengthening mecha-
nisms to yield strength are shown in Table 3. It can be found
that the calculated data does not completely coincide with
experimental data for both the B- and F-samples. The
differences in calculated and experimental data are due to
complex interaction of strengthening mechanisms in steels,
especially between grain-boundary strengthening, precipitation
strengthening and dislocation strengthening. However, analysis
of strengthening mechanisms confirms that the yield strength of
the B-sample is ensured basically by grain boundaries,
precipitate and dislocations, but precipitate strengthening is
dominant. (When the percentage of carbides is increased by
about 1%, the yield strength is increased by about 500 MPa in
theory). For the B-, C- and D-samples, its yield strength is
mainly controlled by precipitate strengthening mechanism. So
there are notable differences in yield strength of the B-, C- and
D-samples. For the F-sample, the DCT promotes the transfor-
mation of retained austenite to martensite, the refinement of
martensitic substructures and the precipitation and even distri-
bution of 0-phase carbides. Hence, the F-sample shows the
yield strength compared with B-sample (Table 2). Further
secondary tempering at controllable temperatures (ranging from
540-580 °C) reduces the dislocation density of materials,
resulting in an increase in ductility but a somewhat loss in
yield strength. This is why the K-sample (or M-sample) shows
a lower strength but a higher ductility compared with the F-
sample (or G-sample). Higher secondary tempering
(= 580 °C) promotes the formation of both polygonal and
equiaxed grains with low hardness, leading to a notable loss in
yield strength. This is why the J-sample reveals a lower strength
in comparison to the K-sample.

5. Conclusions

Based on the above-mentioned property measurements and
microstructural characterizations, the following can be con-
cluded:

Journal of Materials Engineering and Performance

sively increase the elongation and fracture toughness of
the DCT-treated 40CrNiMoA steels at the cost of slight
decrease in hardness and strength.

3. The DCT in combination with secondary tempering at
540-580 °C can effectively improve the comprehensive
mechanical properties of 40CrNiMoA steel, and further
ensure the flex spline with a higher lifetime.
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