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ABSTRACT In this paper, Response Surface Methodology (RSM) is used to model the response surface between
the target values and the cryogenic + aging treatment parameters. Then the effects of cryogenic + aging treatment
on microstructures, mechanical, and damping properties of M2052 were investigated. The outcome indicated
cryogenic + aging compound treatment can effectively enhance both mechanical and damping properties, and the
optimum parameters cryogenic(-196°C/30h) + aging(428°C/2h) were obtained. The associated microstructural
changes caused by the precipitated phase after compound treatment resulted in an increase in tensile strength from
358.3 MPato 396.7 MPa, ~38MPa higher compared to the as-cast alloy. Meanwhile, it has the best damping property
within a wider temperature range. At 50°C, the internal friction value increased from 0.033 to 0.074, which was
increased by 124%. The damping strengthening mechanisms were discussed mainly from the perspective of the
change in formation of {101} twins and motionable interface induced by fcc-fct transformation after compound
treatment. The results in this paper provide a new reference for simultaneously improving mechanical and damping
behaviors of Mn-Cu based alloys.
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1 Introduction

Engineering structures in the field of high-precision parts and vehicle transportation face the problem of
mechanical vibration under external forces, which will greatly affect the service and safety performance of
machinery and equipment [1-3]. The damping properties can transform mechanical vibration energy into thermal
energy, thus effectively reducing the mechanical vibration [4]. As a representative twin-type high damping MnCu
based alloy, M2052 has received much attention because of its extraordinary damping capacity and excellent
mechanical properties [5-6]. The damping property of M2052 alloy is closely related to the martensite structure.
Owing to the movement between different martensitic interfaces, austenitic and martensitic interfaces, as well as
twin interfaces can dissipate energy [7-9]. The hysteresis motion of defects and dislocations also contributes to part
of energy dissipation, thus effectively reducing the mechanical vibration of materials [4,10-11].

As we all know, the mechanical and damping behaviors of most alloys usually display inverse trends, which
makes it a great challenge to simultaneously enhance the mechanical and damping properties [12-14]. Aging
treatment has been verified as an effective way to obtain precipitated phases that can significantly change the
microstructure and comprehensive properties of the alloy [15-17]. During aging treatment, spinodal decomposition
occurs and Mn-rich and Cu-rich regions form. Accordingly, an antiferromagnetic transition and subsequent fcc-fct
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martensitic transformation take place in the Mn-rich regions, leading to the formation of twins which contribute to
the high damping capacity [18-21]. Wang et al. [22] showed that the damping performance can be improved
efficiently in ZMD-1J MnCu alloys after aging at 430°C for 2 hours. Li et al. [23] showed that step-cooling after
aging treatment can significantly improve the damping capacity of M2052 alloy. Alloying is the simplest and most
direct way to change grain size [24-28]. Yin et al. proposed that Ni addition in Mn-Cu alloy obviously increases the
damping capacity, while the transformation temperature of the Ni added alloy is decreased by the retarded phase
decomposition of y Mn phase [29]. Different processing and preparation technologies were applied to preparing
Mn-Cu alloy aims to enhance the damping capability. Wang et al. reported that the directionally solidified MnCu
alloy prepared under high magnetic field owns high damping capacity in a wide temperature range from 200K to
320K [30]. Li et al. shows that novel Mn-Cu porous materials prepared by the powder metallurgy exhibit high
damping capacity [31]. In fact, previous investigations on MnCu based alloy have primarily focused on aging, solid
solution, solid solution+aging, alloying, etc processes. However, the damping capacity of the alloy mostly can be
obtained only in the temperature range below room temperature. Therefore, for the actual needs of engineering,
exploring how to enhance comprehensive performance within a wide temperature range for MnCu based alloy has
become quite urgent.

Cryogenic treatment is a process method in which liquid nitrogen is used as the cooling medium to make the
material be treated in an ultra-low temperature environment at -196°C [32]. Cryogenic treatment can improve the
mechanical properties of the material by promoting the decomposition of unstable phase, refining grain, increasing
dislocation density and inducing twins [33]. Cryogenic treatment is often used as a supplement to heat treatment,
and combined with the traditional heat treatment process, it has different effects on material properties [34].
However, the influence of compound treatment (cryogenict+aging) on the microstructure, mechanical property and
damping capacity of MnCu based alloy has not been systematically investigated. Therefore, in this paper, impacts
of the interaction between compound treatment (Cryogenic treatment +aging) on the mechanical property for M2052
alloy was studied using response surface method (RSM), and the microstructure and damping capacity of the sample
treated under different cryogenic treatment +aging parameters were studied.

2 Experimental

The raw material is as-cast M2052 alloy produced by TianQi company, and the chemical composition is shown
in Table 1. The specimens were cryogenic treated in liquid nitrogen tank followed by aging treatment conducted in
DZF-6020AB drying oven. Specifically, the temperature of cryogenic treatment is -196°C, and the holding time
range is 6h-36h. The aging temperature range is 350-500°C with soaking time range of 2h-10h. After aging treatment
was completed, the specimens were removed from the drying oven followed by air cooling.

Table 1 The chemical compositions of the raw material M2052 alloy (mass%)

Element Si P Cu Ni Fe C S Mn

Mass fraction% 0.017 <0.05 20.03 4.83 1.96 0.0049 0.02 Bal.

2.1 Phase and microstructure characterization

The microstructure of specimens was observed by a German Zeiss metallographic microscope (OM). The
distribution of elements in different regions was analyzed using an energy-dispersive analyzer (EDS) accessory of
an American FEI Nova Nano 450 scanning electron microscope (SEM). The interface microstructure,
crystallographic orientation and orientation were investigated via electron backscatter diffraction (EBSD) at field
emission scanning electron microscope (FE-SEM). Phase identification was carried out by the X-ray diffractometer
(XRD, D8 Advance) with a Cu Ko radiation and a step size of 0.02°.



2.2 Mechanical and damping properties characterization

Tensile strength performed by universal testing machine (MTS-DDL100) at Imm/min according to test
standard GB/ T 228. 1-2021. The tensile test specimens were designed as flat type with dimension of 62x14x2 mm.
The damping capacity, loss tangent (tand) was obtained through dynamical mechanical analyzer (DMA) (Q800)
with specimen dimension size of 2mm*8mm*35mm. The heating rate is 5°C /min, and the test temperature range
was-100°C-200 °Cwith a frequency of 10 Hz and strain amplitude of 5*10.

3 Results and Discussion
3.1 Experimental design and results of RSM

In this study, aging time(t), aging temperature (T) and cryogenic time (P) were selected as the most important
parameters for controlling the cryogenic + aging treatment process. A Box—Behnken design (BBD) was employed
to establish a total of 17 test schemes with 3 center points. Ultimate strength and elongation were utilized to represent
the mechanical properties of the material. Table 2 shows the specific design scheme and test results.

Table 2 Experimental design and analysis results of response surface method

Experiment No. Pararfleter Response

t/h T/C P/h Rm/MPa A%
1 6 350 6 350.0 30.2
2 6 425 21 404.7 29.8
3 10 425 36 4173 27.4
4 2 425 36 398.8 319
5 6 500 36 356.2 32.0
6 6 350 36 369.3 32.0
7 6 425 21 404.8 29.4
8 2 350 21 363.8 343
9 2 425 6 373.5 30.1
10 10 500 21 376.5 30.6
11 2 500 21 340.9 379
12 10 425 6 411.7 26.3
13 10 350 21 377.0 31.8
14 6 500 6 350.4 31.8
15 6 425 21 399.4 29.1
16 6 425 21 401.2 29.4
17 6 425 21 402.3 29.5

3.2 Response surface modeling

Table 3 shows the results for the variance analysis of the ultimate strength. The F-value of the ultimate strength
prediction model is 154.42, indicating that the model is significant. In the table, df represents the degree of freedom,
F-value and P-value are the results obtained from the significance test of the model and the coefficient of the model
in the analysis of variance, PC represents the sum of squares of each model in the percentage of the total square. A
P value of less than 0.05 indicates that the item in the model is significant; hence, the aging time (t), aging
temperature (T), cryogenic time (P), interaction items tT, tP, and TP, and quadratic items t2, T2, P2 are significant. R?
is 0.995, indicating that the experimental value is highly correlated with the predicted value. The significance, model
coefficients, and missing items of the response model were tested, and the best fitting model was selected on the
basis of the fitting analysis. Stepwise regression was adopted to screen and eliminate the insignificant items in the
model. Adjusted R%and predicted R? are 0.9885 and 0.9523, respectively, with a difference of less than 0.2. The
Adeq signal-to-noise ratio is 37.1098 and greater than 4, verifying that the model is reliable and that the model can
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be used for improving the experimental design.

Table 3 Variance analysis results of ultimate strength

Source Sum of squares df Mean square F value P value Significance<0.05
Model 9484.04 9 1053.78 154.42 <0.0001 Significant
t 1392.1 1 1392.1 203.99 <0.0001 Significant
T 162.4 1 162.4 23.8 0.0018 Significant
P 390.78 1 390.78 57.26 0.0001 Significant
tT 124.74 1 124.74 18.28 0.0037 Significant
tP 97.22 1 97.22 14.25 0.0069 Significant
TP 46.03 1 46.03 6.74 0.00356 Significant
t? 37.85 1 37.85 5.55 0.0507 Insignificant
T? 7048.2 1 7048.2 1032.82 <0.0001 Significant
p? 109.24 1 109.24 16.01 0.0052 Significant
Residual 47.77 7 6.82
Lack of fit 26.34 3 8.78 1.64 0.3151 Insignificant
Pure error 21.43 4 5.36
Cor total 9531.81 16
Std. Dev. 2.61 R? 0.995
Mean 3822 Adjusted R? 0.9885
C.V.% 0.6835 Predicted R? 0.9523
Pr?fii?on 371098
Table 4 Variance analysis results of elongation
Source Sum of squares df Mean square F value P value Significance<0.05
Model 110.5 9 12.28 118.99 <0.0001 Significant
t 40.86 1 40.86 395.98 <0.0001 Significant
T 1.96 1 1.96 19 0.0033 Significant
P 3.03 1 3.03 29.32 0.001 Significant
tT 5.66 1 5.66 54.89 0.0001 Significant
tP 0.1764 1 0.1764 1.71 0.2324 Insignificant
TP 0.64 1 0.64 6.2 0.0416 Significant
t? 2.81 1 2.81 27.24 0.0012 Significant
T? 48.87 1 48.87 473.64 <0.0001 Significant
p? 7.48 1 7.48 72.5 <0.0001 Significant
Residual 0.7223 7 0.1032
Lack of fit 0.4668 3 0.1556 2.44 0.2048 Insignificant
Pure error 0.2555 4 0.0639
Cor total 111.22 16
Std. Dev. 0.3212 R? 0.9935
Mean 30.79 Adjusted R? 0.9852
C.V.% 1.04 Predicted R? 0.9293
Prsigon 400683

The same method was adopted to optimize and analyze the elongation model. Table 4 shows the corresponding

variance analysis results of elongation. The mathematical model of ultimate strength and elongation with process

parameters is established as follows.

Rim= —908.42365-5.13644 t+6.07411 T+3.19127 P+0.018614 tT—0.082167 tP—0.003015 TP+0.187397 t>-
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0.007274 T2-0.022638 P? (1)
A= 124.04879+0.581583 t-0.476969 T+0.461938 P—0.003967 tT—0.003500 tP—0.000356 TP+0.051062 t>
+0.000606 T>-0.005924 P2 2)
Where: Ry, is the ultimate strength (MPa), A is the elongation, t is aging time (h), T is the aging temperature
(°C), P is the cryogenic time (h).

Fig. 1 shows the normal distribution of residuals and the comparison between the predicted and experimental
values of ultimate and elongation. The residual values of each response prediction model are linearly distributed,
and the residual value exhibits a uniform distribution, indicating that the model is self-adaptive (Fig. 1(a) and (c)).
Each response model exhibits a high prediction accuracy (Fig. 1(b) and (d)).
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Fig. 1 Residual normal distribution and prediction-actual distribution: (a) and (b) are ultimate strength; (c) and (d) are elongation

3.3 Analysis of the effect of process parameter interactions on response values

Effects of interactions among process parameters on the ultimate strength were manifested by 3D surface
response and contour lines, as shown in Fig.2. Fig.2(a-b) shows the response surface of the interaction influence of
aging temperature and aging time on the ultimate strength. The curvature of the surface is obvious, and the curvature
change in the B direction is larger than that in the A direction, indicating that the aging temperature has a greater
influence on the ultimate strength in the interaction between aging temperature and time. With aging temperature
increases, the ultimate strength increases firstly then decreases. The ultimate strength increases with aging time
increase. The response surface of the interaction between cryogenic time and aging time against tensile strength is
shown in Figure 2 (c-d). The tensile strength of the alloy is lower when the cryogenic time and aging time are shorter.
With the extension of cryogenic time and aging time, the tensile strength of the alloy will keep rising. The interaction
between cryogenic time and aging temperature is shown in Figure 2 (e-f). As the aging temperature increases, the
tensile strength increases first and then decreases. After the addition of cryogenic treatment, although the effect of
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aging temperature on tensile strength is not changed, extending cryogenic time at the same aging temperature can

further improve the tensile strength of the alloy.
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Fig. 2 3D response surface and contour lines of the influence of process parameter interaction on ultimate strength: (a), (b) aging time
and aging temperature; (c), (d) aging time and cryogenic time; (e), (f) aging temperature and cryogenic time

Effects of interactions among process parameters on the elongation were manifested by 3D surface response
and contour lines, as shown in Fig.3. Fig.3(a-b) shows the response surface of the interaction influence of aging
temperature and aging time on the elongation. The curvature of the surface is obvious, and the curvature change in
the B direction is larger than that in the A direction, indicating that the aging temperature has a greater influence on
the elongation in the interaction between aging temperature and time. With the increase of aging time, the elongation
decreases first, then increases. The elongation decreases first and then increases with the aging temperature
increasing. The interaction of cryogenic time and aging time on elongation is shown in Figure 3 (c-d). The elongation
of the alloy decreases with the increase of aging time. After combining with cryogenic treatment, the elongation of
the alloy increases slightly and then decreases slowly with the extension of cryogenic treatment time. Figure 3 (e-f)
shows the interaction between cryogenic time and aging temperature. The elongation of the alloy decreases first and
then increases with the increase of aging temperature. When compounded with cryogenic treatment, the elongation

increased first and then decreased.
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Fig. 3 3D response surface and contour lines of the influence of process parameter interaction on elongation: (a), (b) aging time and
aging temperature; (c), (d) aging time and cryogenic time; (e), (f) aging temperature and cryogenic time

To sum up, the RSM solution is Cryogenic(-196°C/30h) +Aging(428°C/2h), which predicts the material could
exhibit a good mechanical property.

3.4 Compound treatment process validation and analysis

For the purpose of confirmatory experiment, four samples were prepared with as-cast, RSM solution, best
strength and worst strength obtained by different cryogenic+aging treatment parameters in actual experiment,
respectively. Accordingly, the damping performance of the 4 samples were evaluated, which will be discussed in
the following section. Table 5 shows the tensile properties of the samples. Appropriate cryogenic + aging treatment
is beneficial to increase the tensile strength of the alloy, and the loss of elongation is controlled in a small range.
Compared with the as-cast alloy, the tensile strength increased by 10.7% and the elongation decreased by 14.2%
when applying the optimal parameters obtained from response surface method.

Table 5 Sample details

Sample Remark Process parameters Pe.rfo.rm ance Experimental
No. indicator value
Elongation A/% 38.0
As-cast As-cast - Ultimat
imate
strength/MPa 338.3
Elongation A/% 32.6
A Best solution by RSM Cryogenic(-196°C/30h) +Aging(428°C/2h) )
Ultimate 396.7
strength/MPa '
B Best strength in actual c 1o(-196°C/36h) +Agine(425°C/10h Eloneation A/% 274
experiment ryogenic(- ) +Aging( ) & ’ ’




Ultimate

strength/MPa 417.3
W hi i Elongation A/% 37.9
C orststrength In actual 0 1ic(-196°C/21h) +Aging(500°C/2h) ,
experiment Ultimate 3409
strength/MPa )
3.5 Damping properties

In order to determine the damping properties of Mn-Cu alloy after different heat treatments, the energy storage
modulus and loss modulus of the alloy upon different heat treatments were measured, and the corresponding
damping capacities are shown in Fig.4. In the test mode of DMA, the internal friction (IF) value of the sample (Q
I=Tand) is the ratio of loss modulus to storage modulus. It can be seen that the internal friction value of the alloy is
higher than 0.02 at room temperature or below, indicating that all the samples have high damping properties. The
as-cast alloy has good damping properties from -50°C to 50°C, and the best damping properties are reached at 0°C.
The damping performance of sample A is significantly improved compared with that of the as-cast alloy. The range
of internal friction value greater than 0.02 is increased to -100°C to 130°C, and the peak value is 0.114. Sample B
has the best strength while the highest damping performance is comparable to as-cast sample. The damping

performance of sample C is increased only at low temperature, and decreases compared with the as-cast at other
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Fig. 4 Internal friction (IF) curves

Fig. 5 shows the curves of storage modulus(E) dependence of temperature. It can be seen that it shows a similar
variation tendency with IF (Tand) dependence of temperature in the test temperature. The E value decreases firstly
then increases with decrease of temperature, exhibiting a common characteristic of modulus softening caused by
lattice instability owing to the paramagnetic to antiferromagnetic transition (AFT) [35]. The lattice distortion caused
by antiferromagnetic order leads to lattice expansion, which weakens the binding force of atoms, so it is manifested
as modulus softening. After the modulus reaches the minimum value, it gradually increases. That’s because the
softening effect of the modulus caused by AFT gradually weakens, and the parent phase magnetic domain twins
induced by lattice distortion cause the modulus hardening [36]. It is well known that the temperature corresponding
to minimum elastic modulus in E-T curve represents the martensitic transformation point of Mn-Cu based alloys
[37]. The martensitic transition temperature Ms of as-cast, specimen As-cast, A, B, C are 17.61°C, 40.44°C, 24.03°C,
-34.1°C, as shown in Fig. 6(a).



The temperature of martensitic transformation is closely related to the Mn content in the Mn-rich zone which

is determined by the degree of spinodal decomposition [38]. It has been reported that there is a linear relationship

between the martensitic transformation temperature and the Mn content in the Mn-rich region, that is, Ms (K)
=1264.8Cmn-731.813. Where Ms represents martensitic transformation temperature (K); Cmn is the Mn

concentration (at. %) [37]. Based on the empirical equation, the Cwmn of as-cast, A, B, and C samples are 80.8%,
82.7%, 81.4%, 76.8% respectively, as shown in Fig. 6(b). That is when treated upon cryogenic(-196°C/30h)
+Aging(428°C/2h), the Cmn in Mn-rich region is high due to the more sufficient spinodal decomposition, thus

resulting in a higher and wider phase transformation damping platform in sample A. The high fcc-fct transformation

temperature promotes the formation of fct {101} twins, which improves the damping capacity of Mn-Cu based

alloys.
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Fig. 6 (a) Martensite transformation temperature; (b) Mn content in Mn-rich region

4.1 Mechanical strengthening mechanism

In general, the strength of alloys is closely related to microstructure. For further exploring the influence of

cryogenic(-196°C/30h) +Aging(428°C/2h) on the mechanical and damping properties, the as-cast and specimen A
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were characterized and compared. Fig. 7 shows the microstructure of as-cast sample and specimen A. The
dendritical microstructures are composed of black dendrites and the surrounding bright interdendritic spacings.
Compared to the as-cast sample, the dendrite size and interdendritic spacing in specimen A relatively is decreased,
as shown in Fig.7(b). The grain size is finer than the as-cast sample. The reduced grain size, increasing the number
of grain boundaries and hindering the dislocation movement to improve the strength of the material, as shown in
Fig. 9(a).

(a)

Fig. 7 Microstructure of (a) As-cast; (b) Specimen A: Cryogenic(-196°C/30h) +Aging(428°C/2h)

Fig.8 shows the XRD patterns of the as-cast and sample A, the specimen was both composed of y phase, y’
phase. Generally, the height of the XRD diffraction peak is related to the volume fraction of the precipitated phase.
Large number of vy precipitates emerged in specimen A can cause cutting effect on the dislocations or impede the
motion of dislocations, thus realizing precipitation strengthening and improving strength, as shown in Fig. 9(b).
From Fig.11, it also indicates that many twins are formed due to martensite transformation. The twins interact with
dislocation, increasing strength. At the same time, a large number of immovable total dislocations are generated at
the twin boundary, which continuously slip and store to create obstacles such as dislocation entanglement, which
hinders continued plastic deformation and increases the strength of the metal.
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Fig. 8 XRD patterns of specimen (a) As-cast; (b) Sample A
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Fig. 9 Mechanical strengthening mechanisms (a) fine grain strengthening; (b) precipitation strengthening
4.2 Damping mechanism

Fig.10 shows the SEM images of line scan area and results on the microstructure of as-cast and specimen A.
The microstructure has obvious macroscopic segregation, which is characterized by dendrite structure. The line scan
results show that the dark zone is Mn-rich region, and the light zone is depleted Mn region. Furthermore, Mn is
evidently predominant in the initially solidified dendritic zone compared to terminally solidified interdendritic one
due to the higher melting temperature of Mn than Cu. From the EDS analysis (Fig.10(b) and 10(d)), the content of
Mn in sample A is higher than that in as cast state, which indicates that the degree of Mn segregation is increased,
and more Mn atoms are enriched to the primary dendrites after cryogenic(-196°C/30h) +ageing(428°C/2h) treatment.
According to the open literatures [37], the fcc—fct transformation occurs firstly in Mn-rich region in the
decomposition microstructure of dark dendritic zone and then in that of light interdendritic one. In other words, the
two stepped fcc-fct phase transformation happens an couples to each other in the cryogenic(-196°C/30h)
+aging(428°C/2h) treated Mn-Cu alloy with obvious compositional segregation, which inevitably imposes an
important influence on its damping capacity, especially phase transformation damping capacity.
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Fig. 10 SEM images of line scan area and results: (a)(b) As-cast; (c)(d) Specimen A

In addition, it can be seen from Fig.9, the original (220) diffraction peak shows obvious splitting and the
diffraction peak of (202) y” appeared, which indicates that fcc— fct transformation occurred and {101} twins form
[39] in as-cast sample and Cryogenic(-196°C/30h)+Aging(428°C/2h) treated sample. It indicates that the various
axial ratios (c/a) and tetragonal distortions (1-c/a) of fct y-MnCu phase in the two conditioned samples. Generally,
the higher 1-c/a value, i.e. larger tetragonal distortion implies more {101} twins induced by fcc-fct transformation
and thus higher damping capacity of the alloy [37,24]. Fig.11 shows the EBSD images of as-cast sample and
specimen A, there exhibit obvious twin bands, the twin interfaces are straight and parallel to each other, and the
twins are denser in sample A [38]. It indicates that more {101} twins induced by fcc-fct transformation after
cryogenic(-196°C/30h) +aging(428°C/2h) treatment. According to the study of Bacon G E and Shimizu K, the
antiferromagnetic transformation and martensitic transformation of Mn—Cu alloys with high Mn content are two
independent processes. Antiferromagnetic transformation is accompanied by fcc-fet structural transformation,
resulting in lattice distortion and martensitic transformation induced by lattice distortion [24]. The formation of
{101} twins reduce the lattice distortion caused by antiferromagnetic transformation and martensitic transformation,
that is, the formation mechanism of {101} twins is stress-release induced twin mechanism. Under the action of
stress, the twins will have relaxation movement, which promotes the mobility of interfaces and twin boundaries,
leading to high damping capacity of the Mn-Cu based alloy. Therefore, Sample A has the best damping property

within a wide temperature range.



Fig. 11 EBSD images of (a) As-cast; (b) Cryogenic(-196°C/30h)+Aging(428°C/2h)

5 Conclusions

(1) Low temperature (-196 °C/30h)+aging (428 °C/2h) could effectively control the microstructure and phase
composition of M2052 alloy, promoted the formation of y 'precipitates, and improved the mechanical and
damping properties of the alloy.

(2) The maximum tensile strength was 396.7MPa when the alloy treated upon Cryogenic(-196°C/30h)
+Aging(428°C/2h), ~38MPa higher than as-cast alloy. This benefits from the combined effects of precipitation
strengthening from the interaction of precipitates and dislocations, fine grain strengthening generated through
the precipitates hindering grain growth, and twinning strengthening.

(3) When set the temperature as 50°C, the internal friction value (Q') of the Cryogenic(-196°C/30h)
+Aging(428°C/2h) treated alloy reached 0.074, 124% higher than the as-cast alloy. This is highly relevant to
the formation of precipitates after cryogenic(-196°C/30h) + aging(428°C/2h) as well as more {101} twins
induced by fcc-fct transformation.
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