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ABSTRACT

9Cr steel is a material that has been widely used in pressure vessel parts in thermal power plants and nuclear
power plants, and has good high-temperature creep properties. Laser Melting Deposition (LMD) is a promising
method for preparing complex 9Cr steel components. It provides a rare opportunity to improve existing designs and
produce fine features and complex geometries with higher efficiency. The LMD-9Cr steel sample has high density,
the maximum tensile strength of the sample is 1057.75MPa, which is much higher than the standard cast 9Cr steel
of 650MPa. We use 760°C tempering heat treatment, after heat treatment, the average grain size of the material is
reduced, the Charpy impact performance is improved, and the tensile strength and microhardness are slightly
reduced. Although the tempering heat treatment greatly reduces the average grain size of the sample by 35.59%,
but at the same time the tempering heat treatment greatly reduces the high dislocation density of lath martensite,
and the supersaturation behavior of Cr, W and C elements weakens the effect of solid solution strengthening. In
addition, through the nanoindentation test, we found that although the M»3Cs precipitated phase can harden the
material, at the micro level, the elastic modulus and nano-hardness of the precipitated phase are lower than that of
the homogeneous phase.

Keywords: Laser Melting Deposition (LMD); 9Cr steel; Different powder size; Post-heat treatment;
Mechanical properties; Microstructure
Introduction

With the rapid development of society and economy, electricity consumption and environmental pollution are
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exploding worldwide. Nuclear fusion power generation has attracted widespread attention because of its abundant
fuel resources, zero carbon emissions and low operating costs. 9Cr high-strength steel, also known as 9Cr-1Mo
steel or P91 grade steel, this steel exhibits good high temperature performance by virtue of its low activity,
excellent thermal conductivity and superior radiation resistance, high stress corrosion cracking capability and
expansion resistance to neutron radiation environments. 9Cr high-strength steel is one of the best candidates as a
structural material for modern ultra-supercritical (USC) power plants, with high creep resistance, suitable for higher
temperature (>650°C) operating environment[1-5].

9Cr steel is typically joined using welding processes such as friction stir welding (FSW), submerged arc
welding (SAW), gas tungsten arc welding (GTAW) and gas metal arc welding (GMAW)[6-8]. However, no matter
which welding method is used, there is an unavoidable problem when welding 9Cr steel, which is that the strength
of the welded joint, especially the heat affected zone (HAZ), differs from that of the base material, thus affecting
the performance of the whole part. In recent years, with the high demand for accuracy and efficiency, additive
manufacturing (AM) is a promising method for fabricate 9Cr steel. It has the advantages of high efficiency, high
precision, and can be formed in a single process. The methods commonly used for additive manufacturing include
wire arc additive manufacturing (WAAM), electron beam melting (EBM) and laser engineered net forming (LENS).
LENS can be divided into two categories according to the powder delivery method, one is laser melting deposition
(LMD) based on simultaneous powder delivery, which is mainly used for rapid forming of large and complex parts,
but the part dimensional accuracy is not high and post-processing is required to meet the application specifications;
the other is selective laser melting (SLM) technology based on powder bed system with high forming accuracy but
limited processing part size[9—11], which is mainly used for direct precision forming of small and medium-sized
complex parts.

The organization and properties of metallic materials are greatly influenced by the fabrication method, and the
organization state before heat treatment also has a great influence on the mechanical properties. 9Cr steel fabricated
by laser additive technology has a deposition state organization characterized by epitaxial growth of dendrites along
the deposition heightening direction.

After the additive manufacturing, a post heat treatment process is required to improve the overall properties of
the manufactured part. The purpose of releasing residual stresses and improving mechanical properties is achieved
by heat treatment[12,13]. The most common heat treatment recommended by researchers is a heat treatment at
1050°C for 40 minutes (normalized heat treatment) + 760°C/2 hours (tempering heat treatment) to obtain carbide

precipitates[14]. The normalizing heat treatment at 1050°C can eliminate the heterogeneity of microstructure to



some extent. At this normalizing temperature, the precipitated phase will partially melt, while the unmelted
precipitated phase will exhibit coarsening properties during the heat treatment[15,16]. The tempering heat treatment
temperature is controlled at 760°C, because the a-phase recrystallizes when the heating temperature reaches 760°C
(the recrystallization temperature of 9Cr steel), the slat grains gradually transform into equiaxed crystals, and the
dislocation density decreases[17]. The post-weld normalizing and tempering (PWNT) heat treatments lead to a
certain degree of element homogenization and disappearance of the dendritic structure, achieving an optimal
combination of strength and ductility[18,19].

In this study, we fabricated different sizes of 9Cr steel using laser coaxial powder feeding technique and
designed a new post heat treatment process for additively manufactured materials instead of the traditional heat
treatment of wrought materials guided by thermodynamic modeling to optimize the mechanical properties of LMD-
9Cr steel. The effects of different powder particle size preparation and post heat treatment on microstructure and
mechanical properties were investigated using optical microscopy (OM) and scanning electron microscopy (SEM)
combined with X-ray diffraction (XRD) and electron backscatter diffraction (EBSD) techniques and
nanoindentation to analyze the effects of the LMD-9Cr steel processes and the variation mechanism of its heat
treatment.

2. Experimental procedures
2.1 Materials

The material used in this study is 9Cr steel powder prepared by the method of atomization comminuting
process. The chemical composition of 9Cr steel powder is shown in Table 1. Different particle sizes (<25 um,
15~53 pum, 45~105 pm, >100 pum) 9Cr steel powder is used for laser melting deposition. In order to manufacture
9Cr steel with good properties, powders with excellent fluidity are required. The microscopic morphology of the
powder is shown in Figure. 1. The powder has good sphericity and a large number of planetary powders can be
seen in the powder used in Figure. 1. This form of powder has a high packing density, and the small voids in the
large particles are filled by the small particles, and the fluidity and stacking density are optimized, which is very
suitable for additive manufacturing.

Table 1. Chemical composition of powders(wt%).

Element Fe Cr Ta Vv W Si Mn Nb C
Content Bal. 8.90 0.14 0.20 1.43 0.05 0.49 0.07 0.09




Figure. 1. SEM characterization of powder morphology, (a) <25 pum, (b) 15~53 pum, (¢) 45~105 um, (d) >100 pm.

2.2 LMD process parameters and post heat treatment

Coaxial powder feeding technology was applied in this study, we used IPG YLS-5000 fiber laser and ABB
robot linkage system for additive manufacturing of 9Cr steel, the used coaxial powder feeding system is shown in
Figure. 2. The schematic diagram of the laser coaxial powder feeding technique for manufacturing samples is
shown in Figure. 2(b), the laser head is mounted on the six-axis ABB robot to control its motion trajectory. The
specific process parameters used include: laser scanning speed of 10 mm/s, laser power of 2700 W, scanning pitch
of 2.4 mm; relevant parameters of the powder feeder include powder feeding speed of 5 rad/min, powder carrier
flow rate of 20 L/min, protective gas (Ar) flow rate of 40 L/min, and the manufactured sample size of 140*40*15
mm?®.

In order to eliminate the anisotropy of the as-built microstructure and obtain uniform performance in the 9Cr
steel structure, it is necessary to homogenize the as-built matrix. The heat treatment process is set according to the
recrystallization temperature (760°C) of 9Cr steel, and a vacuum furnace is used for heat treatment. The ultimate

vacuum is 6.7x10#, heated at 760°C for 2h and then cooled in the furnace, which is equivalent to high temperature

tempering heat treatment process.
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Figure. 2. Coaxial feeding system, including ABB robot and feeding machine: (a) Operation system, (b)

Schematic diagram of laser coaxial powder feeding system.

2.3 Thermodynamic modeling

Thermodynamic calculations for 9Cr steel were simulated using Thermo-Calc thermodynamic software. Based
on the chemical composition of the powder, a phase fraction-temperature relationship was predicted, as shown in
Figure. 3(a). The equilibrium model predicts that the MX phase, i.e., (Nb, V) (C, N), forms at temperatures below
1450 K and remains in the matrix at room temperature. The M23Cs precipitated phase forms below 1100 K and the
Laves_C14 phase begins to form at temperatures below 650 K. Scheil-Gulliver solidification simulations are shown
in Figure. 3(b) and can broadly predict the nonequilibrium phases in as-built samples. The d-ferrite and austenite

are predicted to be the dominant phases, but during actual cooling, austenite is further transferred to martensite in

the 9Cr steel.
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Figure. 3. (a) Thermodynamic prediction for 9Cr steel using Thermo-Calc software (phase fraction —

temperature, (b) nonequilibrium simulation using the Scheil-Gulliver model.



2.4 Metallographic characterization and Mechanical testing

Additively fabricated samples were cut from the substrate using wire cutting, metallographic specimens were
cut from different powder constructed samples, heat treated, they were mechanically polished and then the samples
were etched using Keller's reagent and the microstructures of the as-built and heat-treated samples were studied
using optical microscope (OM) and scanning electron microscope (SEM). To further understand the grain and
phase composition of the sample, electron back-scattered diffraction (EBSD) and X-ray diffraction (XRD)
techniques were used to analyze the sample.

Sample microhardness was measured using a Vickers microhardness tester (HX-1000TM/LCD) at a load of
300g for both vertical and parallel scan paths with a hold load time of 10s. The standards of impact samples and
tensile samples used in this experiment are shown in Figure. 4. Tensile samples are made according to the standard
ASTM-ES8-16a, and Charpy impact test samples are made according to GB/T229-2007. The tensile strength was
tested on a CMT5150 universal tester using a tensile speed of 1 mm/min. The impact test equipment was a drop
hammer impact tester, tester model INSTRONO9350. Figure. 5 shows the tensile and Charpy impact specimens

prepared in this experiment.
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Figure. 4 (a) Standard for Charpy impact specimens (GB/T229-2007) , (b) Standard for tensile specimens
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Figure.5 (a) Charpy impact test sample (b) Tensile test sample.
3. Results and discussion
3.1 Microstructural Characterization

After corrosion, it can be clearly seen from Figure. 6(a) that along the construction direction, the as-cast 9Cr
steel has obvious stratification phenomenon. Due to the multi-layer, multi-channel laser coaxial powder feeding
process, when the laser scans to the N+1 layer, there is a high power heat input to the already built N layer,
resulting in a heat-affected zone (HAZ), which is equivalent to going through a rapid heat treatment process.The
region that does not receive enough heat to allow the phase change to occur is referred to as the Unaffected area by
heat (UAH).

During the experiment, it was measured that the construction height of each layer of laser coaxial powder
feeding was in the range of 900-1200um. Figure. 6(b) is a complete metallographic picture of the construction
height of one layer. The construction height of a single layer is 1140.35um, and the HAZ length is 526.32 pm,
which accounts for the proportion 46.15%; UAH length is 614.03um, accounting for 53.85%. According to Figure.

7a, it can be clearly seen that in the UAH area, the microstructure is mainly untempered lath martensite, massive,



and inclusions, in addition to the existence of prior austenite grain boundaries (PAGB). Since the transformation of
austenite to martensite will cause larger lattice distortion, heat treatment is needed to eliminate it. The results of the
self-tempering heat treatment obtained in the experiment are shown in Figure. 7(b), which is the UAH region we
named before[20]. Microscopic observation of 9Cr steel after tempering heat treatment at 760°C showed that the
entire material was homogenized and no longer distinguished between the UAH and HAZ regions as shown in
Figure. 7(c). We use red parallel arrows to mark the lath martensite and the pre-austenite grain boundaries. It can be
seen that there is no obvious lath martensite in the UAH area that has not undergone heat treatment, mainly prior
austenite and massive martensite, and after the heat treatment process, there is basically no residual austenite,
which is mainly caused by tempering. The results obtained before heat treatment in the HAZ region are almost
indistinguishable from those obtained after heat treatment, with the composition of the precipitated phases such as
lath martensite, o-ferrite, M23Cs and MX[21]. According to the obtained microstructure image, the schematic

diagram of the phase change during the tempering heat treatment process is shown in Figure. 8.
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Figure. 6 (a) Macro image of 9Cr steel constructed by laser additive manufacturing, (b) HAZ and UAH area

formed by the influence of N+1 layer on the nth build layer(construction direction Z) .



Figure. 7 Metallographic images of 9Cr steel fabricated by laser additive and its heat treatment, (a) UAH zone

of 9Cr steel, (b) HAZ zone of 9Cr steel, (c) HAZ zone after tempering heat treatment.
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Figure. 8 Schematic diagram of the effect of heat treatment on the microstructure of 9Cr steel.

After the tempering heat treatment process, the room temperature structure obtained is mainly tempered
martensite. Due to the high content of Cr in 9Cr steel, it will reduce the self-diffusion coefficient of Fe, so even in
the case of slow cooling rate (Furnace cooling), when cooled to room temperature, the full martensite structure can
still be obtained. After heat treatment, the alloying elements in the austenite are homogenized at high temperature,

the quenched martensite is converted to tempered martensite, and some of the alloying elements are precipitated in



the form of precipitates, thereby obtaining lath martensite strengthening and dislocations. The composite
strengthening mechanisms include grain refinement strengthening, solid solution strengthening and precipitation
strengthening. The strengthening mechanism of lath martensite is mainly because this tempered lath martensite
structure not only retains the martensite grain boundary and subgrain boundary strengthening effect, but also forms
a metastable dislocation network, thereby improving thermal stability of 9Cr steel. In the enlarged image of Figure.
8, we further analyze the precipitated phase after the tempering heat treatment process. The structure is mainly
composed of lath martensite matrix and dispersed precipitated phases. The larger one is M23Cs phase, the MX phase
is mainly carbides of Ta, V and Nb. The M»3Cs precipitates formed during the tempering heat treatment process are
mainly located in the pre-austenite grains, lath boundaries, and grain boundaries[22,23]. The stable existence of
M23Cs at grain boundaries, sub-grain boundaries and lath martensite boundaries will make 9Cr steel have good
high-temperature creep properties, but with long-term creep and aging, the size of the precipitated phase M will
increase, resulting in aging of 9cr steel. The MX precipitation phase is mainly nitrides or carbides precipitated by
the Ta, V, and Nb elements dispersed in the crystal. The existence of X precipitates effectively inhibits the recovery
process and recrystallization process of tempered martensite structure, and improves the creep properties of
martensite steel[24-26]. The dispersion of MX can further strengthen the 9Cr steel, which can effectively prevent
the movement of dislocations and form a dispersed phase strengthening.

Figure. 9 shows the X-ray diffraction patterns of 9Cr steel samples manufactured by laser additive with
different particle sizes before and after heat treatment. According to the XRD diffraction peaks, the as-built samples
consist of a'-Fe (BCC) phase and a small amount of y'-Fe (FCC) phase. The crystallographic indices of the
diffraction peaks of the o' phase match (1 1 0), (2 0 0) and (2 1 1), while the y'-Fe phase matches (1 1 1), indicating
the presence of a small amount of residual austenite in the as-built sample in addition to the martensitic
phase[27,28]. The residual austenite phase is the austenite that quenching fails to transform into martensite and
retains to room temperature. The inhomogeneity of the chemical composition and volume limitations prevent the
phase change from complete austenite to martensite. In the as-built condition of 9Cr steel, the fresh o' phase is
accompanied by 0.02-0.1 volume fraction of residual austenite, because the volume of austenite phase has to
change during the transformation process, and after the vast majority of the matrix is converted to martensite, the
residual part can only exist as austenite due to the space limitation[29,30]. In order to eliminate the effect of
residual austenite on the properties of the samples, the as-built samples were tempered using a recrystallization
temperature of 9Cr steel (760°C), while making the microstructure of the samples more homogeneous. The

microstructure of the samples after heat treatment only has diffraction peaks of o'-Fe phase, i.e. The samples have



no or little residual austenite after heat treatment, which is difficult to be detected by XRD inspection means.
According to the comprehensive analysis of the metallographic pictures and XRD we got before, we can draw the
following conclusions, 9Cr steel underwent the following phase transformation process during the heat treatment.
When the heating temperature reaches 760°C (recrystallization temperature of 9Cr steel), the alpha phase
recrystallizes, the slat grains are gradually transformed into equiaxed grains, and the dislocation density decreases.
In the holding stage, the continued diffusion of atoms leads to the aggregation and growth of austenite grains, and

the residual cementite continues to dissolve into the austenite matrix, whose composition tends to be homogeneous.
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Figure. 9 XRD patterns before and after heat treatment of the powder additive samples with four particle sizes

Figure. 10 and Table 2 show the energy spectrum scan area and composition results of laser additive
manufacturing of 9Cr steel. It can be seen that the element distribution of the 9Cr steel prepared by the coaxial
powder feeding laser additive is similar to that of ordinary 9Cr steel, and the overall performance is
homogenization, and there is no obvious segregation during the additive manufacturing process. The alloying
elements often added to alloy steel are Mn, Si, Cr, Mo, W, V, Ti, Nb, Ni, Al, etc., among which Ni, Si, Al and other
elements cannot form carbides with carbon, Nb, Ti, V, W, Mo, Cr, Mn and other elements can form compounds
with carbon. Because alloying elements exist in steel in different forms, their roles in steel are also different. The Cr

element contained in 9Cr steel accounts for about 9%. The Cr element is incorporated into the austenite, which



slows down the decomposition of the supercooled austenite, shifts the C curve to the right, reduces the critical
cooling rate, and achieves the purpose of improving the hardenability[31]. Meanwhile Cr, Mn element can be made
of carbide precipitation in the martensite and residual austenite decomposition temperature rises. Therefore,
compared with ordinary carbon steel, the hardness and strength of alloy steel are higher than that of carbon steel
when tempered at the same temperature. Conversely, when tempered to the same hardness, the tempering
temperature of alloy steel is high, so the internal stress is eliminated more thoroughly, the plasticity and toughness

are higher, and the tempering stability of alloy steel is improved.

Figure. 10 As-built 9Cr steel (<25 um) energy spectrum scanning

Table 2 The results of energy spectrum scanning composition of 9Cr steel (<25 pum) prepared by laser a

dditive manufacturing (wt%)

Element Fe Cr Ta Vv W Si Mn C
Content Bal. 9.0 0.14 0.27 1.5 0.11 0.55 0.15

In order to further compare the difference between the HAZ region and the UAH region in the as-built
sample, the adoption of EBSD technique is necessary. We selected the junction of the HAZ region and the UAH
region for EBSD analysis, and Figure. 11(a) shows the orientation diagram of the inverse pole figure. From the IPF
plots of as-built samples, it can be seen that compared to the UAH region, HAZ region shows finer slatted
martensite grains with lengths in the range of 20-40 um and widths in the range of 0.1-3 pm, showing a narrow
grain morphology. This grain size is much smaller than WAAM (200um) or as-cast9Cr steel, which also means that
the material obtains better strength and toughness, because small grain boundaries can effectively prevent the
movement of dislocations in the material, the smaller the grain size, the more grain boundaries, the greater the

resistance to dislocation movement, the better the strength and toughness of the material. Further, we find that the



red, blue and green colors representing {001}, {111} and {101} do not have a clear pattern of arrangement,
indicating that the as-built samples do not have a clear meritocracy. Figure. 11(b) shows the Texture component of
the sample, and the selected angle range is <15°. It can be found that not many Textures are obtained, which is
consistent with the results analyzed in the previous inverse polar plots, and most of them are distributed in the HAZ
region. Due to the advantage of fast cooling rate of laser additive itself, some of the recrystallized grains do not
have time to grow and solidify in the melt pool, and are uniformly distributed near the grain boundaries as shown in
Figure. 11(e) and Figure. 11(f). The polar diagram of Figure. 11(g) shows the absence of prominent strong textures
in the martensite grains, a weak selective orientation at {001}, and the distribution of martensite grains in a more

homogeneous form in the samples.
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Figure. 11 EBSD image containing HAZ region and UAH region:(a) Orientation diagram of the inverse pole figure,
(b) Texture component of the sample, (c) Distribution map of recrystallized fraction, (d) Histogram distribution of
recrystallized fraction, (¢) Magnification view of region A in figure(c), (f) Magnification view of region B in
figure(c), (g) Pole figure of the sample.

The grain size and the width of the martensite lath are the main factors that affect the grain boundary or the
lath grain boundary. Figure. 12 is the EBSD analysis of 9Cr steel with different grain sizes along the construction
direction, reflecting the grain orientation of the material, Figure.13 is the grain size distribution diagram obtained
by the EBSD analysis test, reflecting the influence of heat treatment and different grain sizes on the grain size.
Figure. 12(i) is an orientation triangle, different colors represent different crystal grain directions. Red represents
the crystal particle surface direction parallel to [111], blue represents the crystal particle surface direction parallel to
[001] and the green crystal particle surface direction parallel to [101]. Figures. 12(a) and Figures. 12(e) represent
9Cr steels with powder additives smaller than 25pum before and after heat treatment. It can be clearly seen that the
lath martensite before heat treatment has a narrow and long shape, but the ratio between length and width is small
and the overall grain size Is larger, and the aspect ratio of the grains is obviously increased after heat treatment, the
overall lath martensite becomes narrower and longer, and the grain size is also greatly reduced, according to Figure.
13, the grain size is reduced from 2.826pum before heat treatment to 1.820um after heat treatment, a reduction of
35.59%. Comparing the EBSD images before and after heat treatment of 9Cr steel with four particle size powder
additives, it is found that there is no obvious texture orientation, indicating that the material has an overall
homogeneous characteristic along the building direction. According to the results in Figure. 8, it can be found that
the martensite has a certain degree of dislocation entanglement, and heat treatment can reduce the residual stress to
a certain extent. The GOS value of the grains is lower than that before the heat treatment, and the average GOS of
the grains can be Expressed as:

GOS() = 3, wij/] (©) (1)

where oij represents the misorientation angle between the orientation of pixel j and the mean orientation of
grain i, and J(i) is the pixel number of grain i. The GOS value of grains implies the residual stress in the grain
leading to grain distortions[32,33]. According to Figure.12, there is a very high residual stress in most grains,
especially in martensite grains with a higher dislocation density. In the homogenization heat treatment process, the
driving force for recrystallization comes from the residual stress and the grain coarsening effect caused by the
homogenization heat is closely related. There is a competition between recrystallization and grain coarsening,

therefore, in order to obtain more refined grains, we need a longer heat treatment time to ensure refined grains and



less residual stress. From Figure. 13 we can draw the influence of the particle size of the additive powder on the
grain size. We found that the resulting powders with particle sizes of 15-53 wm had the smallest average particle
size of 1.782 pum, followed by 45-105 pm and >100 pm, and samples obtained by LMD additive manufacturing.
The grain size of the samples produced by LMD additive manufacturing of powders with a particle size of
<25 um is the largest. But at the same time, the heat treatment process has the greatest influence on its grain
refinement, reaching 35.59%.The refined grain size after heat treatment is similar to the samples with other particle
size additives. It can be inferred that the process of recrystallization occurred during the heat treatment process. By
heating the metal to a temperature above the recrystallization temperature and keeping it for an appropriate period
of time, the recrystallization can achieve the goal of homogenization of the structure, elimination of residual stress

and grain refinement.

Figure. 12. Inverse pole diagrams of EBSD before and after heat treatment of the powder additive samples

with four particle sizes: (a) as-built, <25 um (b) as-built, 15-53 pm (c) as-built, 45 -105 pm (d) as-built, >100 pum (e)

heat treatment, <25 um (f) heat treatment, 15-53 pm (g) heat treatment, 45 -105 pm (h) heat treatment, >100 pm.
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Figure.13. Average grain size before and after heat treatment of the powder additive samples with four particle

sizes
3.2 Mechanical properties
3.2.1 Charpy impact property

Figure. 14 shows the Charpy impact absorbed energy (IAE) of 9Cr steel manufactured by laser with different
particle sizes before and after heat treatment. The maximum impact absorbed energy of the specimen without heat
treatment is less than 15 J, which is significantly lower than that of CLAM forged at room temperature (>200 J)[34],
but after heat treatment, the maximum IAE of the specimen is greatly increased, reaching 100 J, We can draw the
conclusion that heat treatment can greatly improve the IAE of the sample. At the same time, we compare it
horizontally and find that the IAE fluctuates little before heat treatment, only the IAE of the powder additive
samples >100um is slightly larger, which may be caused by the internal pore structure; after heat treatment, the IAE
gradually decreases with the increase of the powder particle size, in order to explore the reasons, further analysis of
its fracture.

Figure. 15 is a microscopic image of the fracture image of the impact test. The fracture of the heat-treated
sample exhibits significantly different fracture characteristics. The powder additive samples with a particle size of
<25 pm exhibited trans-crystalline mode failure, showing lamellar hyoid fracture, and the powder additive samples
with a particle size of >100 pm exhibited intergranular dominant mode failure, with mixed characteristics of quasi-
dissociation and pits. Obvious pore structure can be observed at the impact fracture of the powder additive with a
particle size of >100 pm, which can improve the IAE to a certain extent, but the overall is still not high. The impact

fractures of samples <25 pm and 15-53 um are all small dimple structures, while the impact fractures of samples



45-105 pum show shear fracture dimples. Its shape is affected by the impact load, when the sample is broken and
torn, it receives the action of the moment, and the shear stress is different before the microscopic cavity gathers,
and the amount of plastic deformation caused is also different. The dimples in the larger direction (the tearing
direction) are elongated and present a parabolic shape, as shown in Figure. 15(c). The heat treatment greatly
improves the IAE of the sample, mainly because the crystal grains boundaries prevent the cracks from propagating

along the weld line, thereby improving the impact toughness of the material.
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Figure. 15. Impact fracture image of heat-treated specimen: (a) <25 um (b) 15-53 pum (c) 45 -105 pm (d) >100 pm.
3.3.2 Tensile property

Tensile tests were performed on 9Cr steel samples manufactured by adding powders of different particle sizes
before and after heat treatment. The test results are shown in Figure. 16. As the particle size of the powder increases,
the tensile strength increases to a certain extent. Compared with the ultimate tensile strength of forged CLAM,
almost all 9Cr steel specimens constructed by LMD can reach ultimate tensile strength (UTS)> 650 MPa. The
tensile strength of the 9Cr steel sample with the powder particle size of 45-105pm can reach 1057.7MPa, which is
62.7% higher than the cast 9Cr steel, but the elongation is 9.21%, which is slightly smaller than the cast 9Cr steel.
The 9Cr steel manufactured by LMD additive has a faster cooling rate, and the formed structure is quenched
martensite. The structure is partially heated and tempered in the later n+1 layer construction, which is the HAZ area
we mentioned in the previous section. Therefore, even if there are defects, it has higher hardness and strength than
conventionally manufactured 9Cr using standard heat treatment. When the entire sample is tempered and heat
treated, the UAH area disappears and all becomes the HAZ area, and the overall grain size also decreases. However,
we found that the tensile strength did not increase, but decreased. Depending on the particle size, heat treatment
reduces the tensile strength of the sample by 15%-21%, which is inconsistent with the strength improvement we

previously expected.



In order to find out the reason for the change in tensile strength, we observed the fracture morphology, as
shown in Figure. 17. According to the fracture morphology, in terms of molding, when the particle size of the
powder is small (<25 um, 15 -53 um), there will be no defects such as pores and cracks in tensile fracture, and the
moldability is good, as shown in Figure. 17(a), Figure. 17(c). On the other hand, there are more pores in samples
with larger powder particle size (45-105 pm, >100 pm), especially the >100 um sample has a very large porosity,
and the maximum pore size can reach 40 pm, as shown in Figure. 17(e), Figure. 17(g). As the particle size of the
powder increases, the dimples gradually become larger and deeper, and the tensile strength gradually increases.
However, due to the large pores in the 100-micron sample, the tensile strength decreases. In general, the main
fracture mechanism of the sample before heat treatment is ductile fracture, and the average size of the pits is similar
to the size of the honeycomb grains of 9Cr steel, which is found in the work of Zhang et al[35]. When the density
of the block reaches a high level (=98%), according to the grain boundary strengthening theory, because a large
number of grain boundaries hinder the movement of dislocations, the grain size becomes the most important factor
affecting the tensile strength[36]. Therefore, the high tensile strength obtained can be attributed to the small cell
size of porous dendrites (0.3 to 1.4 um), which is different from traditional strengthening methods (such as work
hardening). The traditional strengthening method increases the strength of the material at the expense of ductility,
while the 9Cr steel made by LMD is reinforced without loss of ductility.

The tensile fractures of the sample after heat treatment are shown in Figure. 16(b), 16(d), 16(f), 16(g). We can
find that compared with before heat treatment, there are almost no dimples, even small dimples. After the surface
heat treatment, the main fracture mode is cleavage fracture, which has a typical river-type fracture surface. Some of
the intergranular fracture characteristics along the grains are obvious, as shown by the red arrows. The different
orientations of the river grain mean different orientations of martensite blocks in the finished sample. At high
magnification, it is obvious that part of the precipitate is bare or embedded in the crack wall. According to the
above characterization results, this is the MX phase. Heat treatment leads to a decrease in tensile strength which
main reason is that tempered martensite loses dislocation density and supersaturation of elements such as Cr, W and
C during the heat treatment process, which Weakened the solid solution strengthening effect caused by high-density
dislocations in homogeneous martensite. The EDS analysis of the composition on point 1 is given in Figure. 17.
Although the particle is too small for precise measurements, the precipitate is enriched in Nb, which can be

confirmed as MX in the thermodynamic model predictions (Figure. 3a).
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Element wt.% at.%
Fe 53.25 61.91
Cr 832 10.42
Ta 345 1.24
v 85 4.30
Nb 31.63 22.14

Total 100 100

Figure. 17 Microscopic image of tensile fracture before and after heat treatment of the powder additive samples
with four particle sizes:(a) as-built, <25 um (b) heat treatment, <25 pm (c) as-built, 15-53 um (d) heat treatment,
15-53 um (e) as-built, 45 -105 um (f) heat treatment, 45 -105 pum (g) as-built, >100 pum (h) heat treatment, >100 pm.

3.2.3 Microscopic Vickers hardness

We tested the microhardness of 8 samples in the vertical and horizontal directions, as shown in Figure. 18. The
load applied in the hardness test is 300 g, and the load holding time is 10 s. A hardness test point is made every 0.1
mm, and the transverse (perpendicular to the weld) and longitudinal (parallel to the weld) hardness of 8 specimens
are measured. We selected the one in the HAZ area in the longitudinal direction, in order to further observe the
fluctuation of the hardness in the HAZ area.It can be found that the horizontal measured hardness value fluctuates
less, and it is basically equal to the longitudinal peak hardness, that is, the hardness of the HAZ area is greater than
UAH, and the self-heating effect of the LMD process has a certain increase in the hardness value.

According to the horizontal and vertical comparative analysis, 15-53 pm and 45-105 pm samples have the
highest hardness, which is the smallest average grain size of these two powders, resulting in higher hardness. The

samples >100 um have many defects, such as pores, cracks, etc., which lead to large fluctuations in their hardness.



In the transverse hardness chart (16b), there is a low hardness value, which is the Vickers hardness value measured
around the pore. Poor microhardness indicates that porosity has a great influence on microhardness, because the
pores inside the material collapse under load[37]..

Let’s take a look at the effect of the heat treatment process on the hardness. We found that compared to the as-
built sample, the heat treatment resulted in a greater reduction in the hardness, from about 330Hv to 220Hv. There
are also some MX precipitates in the heat treatment process, which have a Zenner pinning effect on grain
refinement. However, the volume fraction and size of MX are extremely small, so compared with the solid solution
strengthening effect produced by the high density of dislocations in homogeneous martensite, the effect of MX on
strengthening is not obvious. Tempering heat treatment reduces hardness and improves plasticity to facilitate
cutting. This is because air cooling is used after hot working. Due to the faster cooling rate, the structure is
dispersed or martensite is obtained, so the hardness is also higher, especially for alloy steel. After annealing, the

hardness can be reduced, which is conducive to cutting.
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Figure. 18. Microhardness before and after heat treatment of the powder additive samples with four particle sizes,
(a)Schematic diagram of hardness selection point distribution (b) parallel to the scanning direction (HAZ zone), (c)
perpendicular to the scanning direction

3.3 Nanoindentation

In order to further characterize the difference in mechanical properties between the precipitated phase and the



uniform state, we selected the area with the precipitated phase after the heat treatment to perform the
nanoindentation test, as shown in Figure. 19. We start with a precipitated phase (M region) as a starting point, and
set a rectangular lattice pattern for nanoindentation Figure. 19(a) to compare the difference in micromechanical
properties nearby. We selected four regions of data for further analysis, namely M region (on the precipitated
phase), N region (near the precipitated phase), W phase (a little far away from the precipitated phase), and R region
(no precipitated phase), the load-displacement curve obtained is shown in Figure. 19(c). Under the same load
condition (10mN), the indentation depth in the M region is the deepest, the indentation depth in the N region is the
second deepest, the indentation depth in the W region is the third deepest, and the indentation depth in the R region
is the smallest which data results are consistent with the data of other non-precipitated phase regions. Therefore, the
precipitated phase in the W area is softer than the normal area, and the difference in the nano-hardness of the three
phases can be reflected by the indentation size effect (ISE) [38,39], this indicates that the decrease in the size of the
indentation leads to an increase in nano-hardness and a decrease in plasticity. Calculate the elastic modulus and
nanoindentation of each area by the Oliver-Pharr method, and the calculated results are shown in Figure. 19. The
elastic modulus of the M region (precipitated phase) is 104.250 GPa, which is much lower than the 168.192 GPa of
the R region. After analyzing the elastic modulus of the N region and W region, it is found that the closer to the
precipitated phase, the lower the elastic modulus. It shows that the precipitation has a negative effect on the relative
elastic modulus, but this is not obvious in the hardness change, the nano-hardness values of the M region, the N
region, and the W region have little difference. We further conducted elemental analysis of the precipitated phase in
the M region and found that the precipitated phase is rich in Fe, Cr, and C elements, and combined with its size (5-
8um), the precipitated phase is determined to be M23Cs. The precipitation of M»3Cs precipitated phase at the grain
boundary will harden the material to a certain extent, but the elastic modulus and nano-hardness of the precipitated

phase will be lower than that of the uniform phase to a certain extent.
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Figure. 19. Nanoindentation test of heat-treated samples: (a) Rectangular lattice pattern of nanoindentation, (b)
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depth data

4. Conclusion

For the first time, the effects of laser coaxial powder feeding additive 9Cr steel and post heat treatment on the
microstructure and mechanical properties are studied with the help of heat treatment simulation. The main
conclusions are summarized as follows:

(1) Using four powder sizes (<25 pm, 15-53 pum, 45 -105 pm, >100 um), a high-density 9Cr steel block
structure was successfully prepared by laser coaxial powder feeding. The construction of 9Cr steel has
obvious stratification along the construction direction, and there are UAH and HAZ divisions in the
single-story layer. In UAH, there are mainly prioraustenite and lath martensite, and massive martensite
exists. There is almost no retained austenite in the HAZ zone the results are similar to the results of our
heat treatment samples. The main microstructure is tempered lath martensite, ferrite, MX and other
precipitated phases. Before and after heat treatment, the structure has no obvious texture orientation, and
the whole sample is homogeneous. The grain size of the samples produced by LMD additive

manufacturing of powders with a particle size of <25 um is the largest. But at the same time, the heat



treatment process has the greatest influence on its grain refinement, reaching 35.59%.

(2) The reheat input of laser energy to the HAZ region leads to grain refinement and a tendency for the
recrystallized grains to develop a texture. HAZ region shows finer slatted martensite grains with lengths in
the range of 20-40 um and widths in the range of 0.1-3 pm, showing a narrow grain morphology. This
grain size is much smaller than WAAM (200pm) or as-cast9Cr steel, which also means that the material
obtains better strength and toughness. The maximum tensile strength of the built sample is 1057.75 MPa,
which is much greater than the 650 MPa of standard cast 9Cr steel. There are two types of fracture
mechanisms: ductile fracture and mixed fracture. The heterogeneous structure leads to uneven fracture.
After heat treatment, the entire sample has a homogeneous structure with a small decrease in tensile
strength, but the plasticity is improved compared to the built-up sample.

(3) After 9Cr steel is tempered at 760°C, the average grain size is reduced, the Charpy impact performance is
greatly improved, but the tensile strength is slightly reduced, and the MicroVickers hardness is also
reduced to a certain extent. The main reason is that during the tempering heat treatment, the high
dislocation density of lath martensite is greatly reduced, and the supersaturation behavior of Cr, W, and C
elements weakens the effect of solid solution strengthening.

(4) Through the nanoindentation test, we found that the elastic modulus (104.250GPa) of the precipitated
Ma3Cs phase is much lower than that of the homogeneous phase (168.192GPa). The closer the precipitates
phase, the lower the elastic modulus. The precipitation of the M»3Cs precipitated phase at the grain
boundary will harden the material to a certain extent, but at the microscopic level, its elastic modulus and
nano-hardness are lower than that of the homogeneousphase.
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