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Abstract: Repairing hot work molds can extend their lifespans and reduce the production costs.
This study presents a proposed method for enhancing the red hardness and strength of repaired
molds. The method involves utilizing PM23 high-speed steel powder to repair H13 steel molds
with two distinct surface states through the process of hot isostatic pressing (HIP). The internal
microstructure changes, bonding state, fracture morphology, and crack extension behaviors of
the repaired molds are characterized using scanning electron microscopy and electron backscatter
diffraction technology. Additionally, the mechanical properties, including red hardness and tensile
strength, are quantitatively analyzed. The findings indicate that the repaired area in the sandblasted
sample exhibits a rough and uneven structure, demonstrating exceptional toughness. The tensile
strength of the repaired region is approximately 1195.42 MPa, while the hardness measures around
672.8 HV. These properties effectively enhance the performance of the molds. The experimental
findings indicate that HIP can effectively restore molds, resulting in enhanced red hardness and
improved toughness, particularly when combined with sandblasting as a pretreatment method.

Keywords: mold repair; hot isostatic pressing; defects; microstructure; mechanical properties

1. Introduction

The automobile, electronics, aerospace, energy, defense, and other diverse industries
all rely on hot work molds [1–4]. Hot work molds are susceptible to wear, corrosion,
and fatigue cracking as a result of their highly complex processing, lengthy production
cycles, and high costs [5–7]. Businesses will suffer significant financial losses and contribute
significantly to industrial resource waste if the failed molds are immediately thrown
away. As a result, repairing hot work molds is important. In addition to prolonging
their lifespans and minimizing the production costs, failed molds might be repaired to
increase the efficiency of the mold materials’ utilization. The typical mold repair techniques
include laser cladding, brush plating, and thermal spray welding [8–10]. Each of these
techniques creates a heat-affected zone (HAZ) in the repair region, which usually reflects an
increase in the area of the HAZs, leading to a greater susceptibility to localized deformation.
Furthermore, these methods are usually unsuitable for large-area mold remediation.

Hot isostatic pressing (HIP) as a powder metallurgy (PM) method allows dissimilar
metals to be bonded and enables the production of large samples. In addition, powder
metallurgy is also a technology for the preparation of high-performance PM high-speed
steel (HSS) tools, which usually contain many strong carbide-forming elements [11,12].
HSS produced using the HIP method usually has a fine grain size, uniformly distributed
micron-sized carbides, and an excellent performance in terms of hardness and abrasion
resistance [13–15]. Le et al. [16] investigated the feasibility of connecting S508 steel and
316L steel via HIP and achieved a microstructure with negligible porosity as well as a
high interfacial hardness. These studies illustrate that the HIP technique can be applied to
surface-enhanced repair damaged molds, especially large damaged molds.
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The state of the surface also affects the mechanical properties of the two bonded
materials. The internal surfaces of molds are generally subjected to a variety of wear
failure mechanisms, such as abrasive and oxidative wear. Therefore, the preliminary
cleaning of cracks, oxides, and inclusions on the inner surface using machining is the
most straightforward and convenient method. Viala et al. [17] proved that oxides could
be eliminated to enhance the mechanical properties of aluminum alloy and cast iron via
a sandblasting pretreatment. Li et al. [18] reported that the sandblasting process could
enhance the adhesion strength between diamond film and stainless steel due to the decrease
in residual stress. Sandblasting is an economically friendly and highly productive process
for internal surface preparation, and further surface cleanliness could be achieved by
adjusting the parameters of the sandblasting process (angle, spacing, time, etc.).

In this study, the research goal is to design a strategy for repairing molds to achieve a
higher red hardness and better bonding. Further, an H13 hot work mold repair process
involving HIP with PM23 was developed, which modulated the interfacial state. This
analysis focused on the density and densification observed at various locations following
the HIP process, as well as the macroscopic and microscopic structures of the two surface
states. The empirical evidence regarding the evolution of the microstructure and mechanical
properties, including the red hardness, tensile properties, impact toughness, and bending
properties, demonstrates that molds repaired using this method exhibited a superior
performance. The enhancement of the mechanical properties of the bonded interface is
attributed to the presence of irregular and jagged grain boundaries.

2. Materials and Methods
2.1. Materials

The two types of materials utilized in the present study were PM23 HSS powder
and H13 mold steel. Table 1 presents these materials’ nominal chemical compositions,
respectively. Figure 1 depicts the morphology and characteristics of the PM23 powder,
which revealed an MC dendric structure on an iron matrix. The morphology of PM23
powders presented a spherical shape and a small number of satellited powders. It should
be noted that the PM23 powder used in this study had a D50 of 127 µm.

Table 1. The nominal chemical composition of the mold steel and powder (wt.%).

AISI C Si Mn Cr Mo V W Fe

Mold H13 0.39 1.00 0.41 5.23 1.34 0.98 – Bal.
Powder PM23 1.20 – – 4.98 4.13 1.52 8.12 Bal.
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As shown in Figure 2, the mold that needed to be repaired had a 110 mm outer
radius, and its complex inner cavity shape and dimensions are shown in Figure 3. The
dimensions of the molds in this experiment were similar to those used for manufacturing
complex aluminum alloy parts, and the shape of the inner cavity of the mold is presented
as an inverted T shape. For the details of dimensions, the inner cavity is reported as a
10 × 80 × 50 mm3 plate, with a 15 × 8 × 50 mm3 flank at 20 mm of the plate in the length
direction. Two kinds of inner cavity surface were investigated: a machined state (MS)
and a sandblasted state (SS). The inner cavity was sandblasted for 15 s at an angle of 65◦,
and the working distance from the sandblast nozzle to the inner cavity surface was about
200 mm. The molds filled with PM23 powder were placed into low-carbon steel capsules
after vacuuming and vibrating.

Metals 2023, 13, x FOR PEER REVIEW 3 of 14 
 

 

Table 1. The nominal chemical composition of the mold steel and powder (wt.%). 

 AISI C Si Mn Cr Mo V W Fe 
Mold H13 0.39 1.00 0.41 5.23 1.34 0.98 – Bal. 

Powder PM23 1.20 – – 4.98 4.13 1.52 8.12 Bal. 

As shown in Figure 2, the mold that needed to be repaired had a 110 mm outer radius, 
and its complex inner cavity shape and dimensions are shown in Figure 3. The dimensions 
of the molds in this experiment were similar to those used for manufacturing complex 
aluminum alloy parts, and the shape of the inner cavity of the mold is presented as an 
inverted T shape. For the details of dimensions, the inner cavity is reported as a 10 × 80 × 
50 mm3 plate, with a 15 × 8 × 50 mm3 flank at 20 mm of the plate in the length direction. 
Two kinds of inner cavity surface were investigated: a machined state (MS) and a sand-
blasted state (SS). The inner cavity was sandblasted for 15 s at an angle of 65°, and the 
working distance from the sandblast nozzle to the inner cavity surface was about 200 mm. 
The molds filled with PM23 powder were placed into low-carbon steel capsules after vac-
uuming and vibrating. 

 
Figure 2. Schematic diagram of mold repair routes (MS and SS). 

 
Figure 3. Schematic diagram: (a) H13 mold dimensions; (b) sampling position for mechanical tests 
(mm). 

Figure 2. Schematic diagram of mold repair routes (MS and SS).

Metals 2023, 13, x FOR PEER REVIEW 3 of 14 
 

 

Table 1. The nominal chemical composition of the mold steel and powder (wt.%). 

 AISI C Si Mn Cr Mo V W Fe 
Mold H13 0.39 1.00 0.41 5.23 1.34 0.98 – Bal. 

Powder PM23 1.20 – – 4.98 4.13 1.52 8.12 Bal. 

As shown in Figure 2, the mold that needed to be repaired had a 110 mm outer radius, 
and its complex inner cavity shape and dimensions are shown in Figure 3. The dimensions 
of the molds in this experiment were similar to those used for manufacturing complex 
aluminum alloy parts, and the shape of the inner cavity of the mold is presented as an 
inverted T shape. For the details of dimensions, the inner cavity is reported as a 10 × 80 × 
50 mm3 plate, with a 15 × 8 × 50 mm3 flank at 20 mm of the plate in the length direction. 
Two kinds of inner cavity surface were investigated: a machined state (MS) and a sand-
blasted state (SS). The inner cavity was sandblasted for 15 s at an angle of 65°, and the 
working distance from the sandblast nozzle to the inner cavity surface was about 200 mm. 
The molds filled with PM23 powder were placed into low-carbon steel capsules after vac-
uuming and vibrating. 

 
Figure 2. Schematic diagram of mold repair routes (MS and SS). 

 
Figure 3. Schematic diagram: (a) H13 mold dimensions; (b) sampling position for mechanical tests 
(mm). 

Figure 3. Schematic diagram: (a) H13 mold dimensions; (b) sampling position for mechanical
tests (mm).



Metals 2023, 13, 1783 4 of 15

2.2. Repair Method and Heat Treatment

The capsules were processed via HIP using an 1150 ◦C sintering temperature and
130 MPa of pressure. In the HIP process, the as-sintered billets were slowly cooled in the
HIP furnace to 200 ◦C before being subjected to the air, with an average cooling rate of
about 5 ◦C/min throughout the process. The HIP parameters have been referenced in other
studies on consolidation parameters for PMHSS [19–21], and the pressure was reduced
(by about 20–30 MPa), taking into account that damaged molds are more susceptible to
secondary damage at high pressures. After the consolidation process, the as-HIP capsules
were subjected to a pre-heating procedure (550 ◦C and 850 ◦C for ~10 min), and finally,
austenitized at 1150 ◦C. The triple tempering treatment was conducted at 560 ◦C for 60 min.
During austenitization, quench oil was used as the cooling medium, with a cooling rate
of approximately 200 ◦C/min, while the cooling medium during three-stage tempering
was air, with a cooling rate of about 10 ◦C/min. The capsules and decarburization surfaces
were removed using the wire CUT EDM process. Consolidation and heat treatment curves
are exhibited in Figure 4.
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2.3. Characterization and Mechanical Tests

In the current study, the test specimens were obtained via wire-cutting using the
electrical discharge machining of heat-treated, repaired molds. The sampling positions of
the specimens are illustrated in Figure 1.

The SEM specimens with dimensions of 10 × 10 × 10 mm3 were ground and polished
via the traditional method (400–3000 SiC sandpaper and diamond suspension). The densi-
ties of the distinctive regions were measured five times to acquire an average value using
ASTM B962-17 Archimedes’ method (for sintered powder metallurgy products). Surface
roughness parameters were measured using a surface roughness tester (TR200, Beijing Han-
goo Precision Instrument Co., Ltd, Beijing, China) with a precision of 0.01 µm and a sample
length of 0.8 mm, and at least five measurements were repeated to acquire the average
value (Ra, Rz, Rp, and Rv). The morphology and microstructure of the repaired molds were
observed using an SEM (Phenom XL G2, Thermo Fisher Scientific Inc., Waltham, MA, USA)
operating at 5 kV. For the qualitative analysis of phase composition, various specimens were
analyzed using an X-ray diffraction (XRD, TTR3, Rigaku Corp., Tokyo, Japan) technique
with Co Kα radiation. The vibration-polished (VibroMet 2, Buehler Company, Lake Bluff,
IL, USA) samples with dimensions of 8 × 8 × 5 mm3 were further analyzed via the EBSD
(electron backscatter diffraction) technique to clarify the microstructure characteristics of
the bonding regions (grain boundaries and orientation). The working parameters of the
instrument (EDAX detector, EDAX Corp., Pleasanton, CA, USA; OIM 6.2 software) were
currents of 15 kV and 1.5 nA, a tilt angle of 70◦, and a scanning step size of 100 nm.
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Vickers hardness measurements (XHVT-1000Z, Shanghai Shangcai Testing Machine
Co., Ltd, Shanghai, China) were performed on the polished surfaces of the specimens
with dimensions of 10 × 10 × 5 mm3, and 7 measurements were conducted to acquire
the average data after excluding the maximum and minimum hardness data. The impact
toughness measurements (JB-300B, Jinan Shijin Testing Machine Co., Ltd., Jinan, China) of
the specimens with dimensions of 10 × 10 × 50 mm3 were taken, and at least 3 measure-
ments were repeated to calculate the reliable mean data. The tensile and bending properties
were tested with a universal testing machine (WDW-300E, Jinan Shijin Testing Machine Co.,
Ltd., Jinan, China), and at least 3 measurements were repeated to collect the representative
average data.

In another test of the service performance of the repaired molds, the polished wire-cut
samples were aged under argon atmosphere protection at 550 ◦C for 120, 240, 480, 960, and
1920 min, respectively, and tested for Vickers hardness in the bonding region and in the
upper and lower 40-micron regions.

3. Results
3.1. Surface Roughness, Density, and Microstructure

The surface roughness of the current H13 inner surface and related research are
listed in Table 2. The sandblasting process has enhanced the roughness of the H13 inner
surface from 0.45 ± 0.05 µm Ra to 3.46 ± 0.65 µm Ra. Only note that the data for Rz
and Rv increased by a factor of nearly six, indicating that the sandblasting process has
a significant effect on the overall internal surface morphology. The Rp data only shows
a two-fold increase, indicating that the sandblasting process also has a significant effect
on the maximum contour peak height. Other studies on the surface roughness of AISI
1045 via the sandblasting process also support that the sandblasting process significantly
enhances the Ra value, and lowering the blast angle parameter facilitates the reduction of
Ra data [22,23].

Table 2. The surface roughness of the current samples and related research.

Samples and Surface Treatments Surface Roughness (µm)

Materials Treatment Angle
(◦)

Time
(s)

Distance
(mm) Ra Rz Rp Rv Ref.

H13 MS – – – 0.45 ± 0.05 4.76 ± 0.99 3.23 ± 1.02 2.33 ± 0.62 –
H13 SS 65 15 200 3.46 ± 0.65 23.27 ± 5.45 7.83 ± 2.08 15.44 ± 3.59 –
AISI
1045 PS – – – 0.03 – – – [22]

AISI
1045 SS 70–80 30 100 3.92 – – – [22]

AISI
4130 SS 90 6 250 8.65 – – – [23]

AISI
4130 SS 45 6 250 7.93 – – – [23]

MS is used for machined state, SS is used for sandblasted state, and PS is used for polished state.

The densities of various regions are illustrated in Figure 5. Notably, the HIP process
enables the preparation of higher-density products. Thus, the density of the PM23 region
(7.98 g/cm3) is close to that of the theoretical PM23 material (8.00 g/cm3). The density in
the H13 region is 7.79 g/cm3, which is similar to the theoretical density. The density of
the bonding region (7.89 g/cm3) represents almost the average of the two regions, and the
pores in the bonding region contributed to its increased error. From the results, it is obvious
that the HIP process could repair the mold at a high density. Figure 6 exhibits the micro
and macro graphs of the bonding regions in two states. According to the captured images,
the two materials presented a strong bonding region with a few sintering pores.
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Figure 7 depicts the XRD patterns of three different regions (the PM23 region, the
bonding region, and the H13 region) in the heat-treated sandblasted state sample. Prior to
the heat treatment, the PM23 powder was primarily composed of α-Fe, γ-Fe, MC, and M2C,
whereas the XRD patterns of the sandblasted state sample PM23 region primarily contained
diffraction peaks of α-Fe, γ-Fe, MC, and M6C. The transformation from M2C to M6C was
confirmed, and the presence of α-Fe suggests that tempered martensite formed after the
heat treatment. The bonding region phase contained α-Fe, γ-Fe, MC, and M6C, implying
that the tungsten-rich particles at the microscale and nanoscale were M6C carbides. α-Fe
was also observed in the XRD patterns of the H13 mold region, and the critical enhancement
phase was MC carbide. Several HSS-related studies have also reported the mechanism and
phenomenon of phase transformation: M2C + γ→M6C + MC [24–26].
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Figures 8 and 9 show the SEM BSE and EDS analyses results of the MS and SS samples.
Table 3 lists the EDS analysis results of the composition of the points marked from (A) to (F)
in Figures 8 and 9. The BSE images give an approximate state of the elemental distribution
thorough a black-and-white contrast (the precipitation region of the elements with a higher
relative atomic number is presented in white, and vice versa). The EDS element mapping
figures illustrate the diffusion of elements and the distribution of phases in the bonding
region. As shown in Figures 8b and 9b, the distribution of oxygen was only present in the
bonding region and showed a point-like phase in the pores. Compared to the MS samples
(machined state), the bonding interface of the SS samples (sandblasted state) has fewer
point-like oxides, suggesting that the sandblasting process contributed to the reduction of
the formation of point-like oxides. The formation of oxides was primarily related to the
surface treatment process, and the oxides were usually poorly bonded to the iron matrix,
and thus became stress concentration points during service. The XRD analysis results in
Figure 7 reveal that the PM23 region consisted predominantly of tungsten-rich M6C carbides
and vanadium-rich MC carbides, while the H13 region consisted mainly of vanadium-rich
MC carbides. By comparing Figures 8c and 9c, the distribution state of tungsten was found
to be consistent with the white region in the BSE picture, which indicates that micron-sized
M6C carbide was in the PM23 region. Noticeably, the distribution of tungsten was also
visible in the bonding region of the SS samples, which indicates that the sandblasting
process could facilitate the formation of nanoscale M6C carbides in the bonding region.
By analyzing Figures 8d and 9d, the distribution of vanadium was more evident in the
PM23 region, and vanadium was also distributed in the H13 region, suggesting that the
MC carbides were more abundant in the PM23 region. Meanwhile, by comparing the
distribution of tungsten, significant amounts of vanadium were found in the bonding
region in both MS and SS samples, indicating that vanadium was more likely to diffuse to
the bonding interface. Furthermore, by comparing the distribution of oxygen and the EDS
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points results in Table 3, the presence of vanadium elements in the point-like oxides and
pores indicates that vanadium oxide might have formed in the bonding region.
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Table 3. Energy-dispersive X-ray spectroscopy (EDS) analysis of the composition of the points marked
(A) to (F) in Figures 8 and 9.

Point
C O V Cr Fe Mo W

wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.%

(A) 2.20 9.59 0.80 2.62 2.50 2.57 3.80 3.83 84.48 79.09 2.10 1.15 4.10 1.17
(B) 3.60 19.09 1.20 4.78 2.70 3.38 3.70 4.53 39.86 45.51 18.08 12.02 30.87 10.70
(C) 5.20 22.32 0.00 0.00 40.86 41.38 4.50 4.50 23.18 21.41 11.89 6.39 14.39 4.04
(D) 2.70 11.44 4.90 15.59 15.50 15.49 4.00 3.92 50.30 45.84 5.80 3.08 16.80 4.65
(E) 2.20 9.62 0.40 1.31 0.10 0.10 4.21 4.24 88.48 83.00 1.60 0.88 3.00 0.86
(F) 2.20 11.47 0.70 2.74 2.40 2.95 4.40 5.30 54.15 60.78 14.19 9.27 21.98 7.49

Figure 10 depicted the EBSD analysis of the bonding region. Figure 10a,b shows the
detector signal images of the bonding regions with high quantities of hard carbide particles,
which were primarily inherited from the vibratory polishing process. The particles in
Figure 10a,b, which cross-reference Figures 8 and 9, were mainly M6C and MC carbides.
The distribution of carbides in the SS samples was significantly more irregular, which was
associated with the sandblasting procedure. Interestingly, the interface of the SS sample had
a jagged outline, whereas the interface of the MS sample had a flatter outline. Additionally,
vibratory polishing might cause the nanoscale carbides to detach from the bonding region.
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Figure 10. The EBSD analysis of the interface: (a) MS-SEM; (b) SS-SEM; (c) MS-GBs; (d) SS-GBs.
(e) Statical analysis of low- and high-angle grain boundaries; (f) MS-IPF; (g) SS-IPF.

Figure 10c,d depicts the distribution of low- and high-angle grain boundaries (LAGBs
and HAGBs, respectively). When the substructure size and grain boundary distributions of
the PM23 region and H13 region of both states were compared, the PM23 region exhibited a
more homogeneous martensite substructure and grain boundary distribution than the H13
region did. The low-density region’s LAGBs were primarily concentrated in the carbides
near the locations of the grain boundaries that were close to the HAGBs. This means
that the figure depicting the grain’s internal area is relatively clean. As demonstrated in
Figure 10e, the proportions of LABGS and HAGBs in the MS sample and the SS sample
were similar, suggesting that the cavity inner surface pretreatment had a minimal effect on
substructures like LABGs and dislocation densities within the microstructures. However,
the percentage of LAGBs in the SS sample was 31.6%, which is higher than that in the
MS sample specimen (30.7%), suggesting that the specimen’s interior in the SS condition
contains more dislocation defects and distortion energy.
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In Figure 10f,g, the matrix microstructures of the tempered H13 region were still
dominated by martensite, which are typically distributed in the form of laths. The residual
austenite had not yet been completely decomposed, and there was no obvious pattern
of grain orientation, but the martensite lath size of the SS sample was slightly smaller
than that of the MS sample, suggesting that the sandblasting process refined the surface
layer microstructure. Large numbers of dispersed carbide particles, a fine-grained matrix
microstructure, and a significant amount of residual austenite were all seen in the tempered
PM23 HSS matrix. These observations are consistent with the corresponding regions’ XRD
patterns. In particular, the size of the carbides at the PM23 powder’s prior particle bound-
aries (PPBs) was larger than the carbides precipitated in the PM23 powder particles. Other
empirical studies on forged H13 and PM23 independently verified these findings [4,27–31].

Figure 11 exhibits the kernel average misorientation (KAM) map of the bonding
region. The blue color in the figure indicates a distortion-free environment, mostly for
the matrix microstructures, and the other colors all represent a certain distortion behavior;
the green color is mostly distributed in the grain boundary position, the yellow color is
mostly distributed in the carbide particles, and the red color is distributed in the composite
interface. This is because a strong shear force was generated at the interface due to the
need for coordinated deformation in the HIP process, which resulted in the accumulation
of more strain energy in the microstructure near the interface and a higher dislocation
density value, thus providing more nucleation points for the microstructure to undergo
recrystallization.
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As observed in Figure 11a,b, it can be seen that there is not much difference in the
dislocation density of the microstructure on the H13 steel side, whereas on the PM23
high-speed steel side, due to the more concentrated residual strain after the sandblasting
treatment, the strain energy level stored near the interface is the highest, the dislocation
density was relatively high, the microstructures underwent recrystallization to a higher
degree, and the cumulative aberration energy is higher than that of the MS sample, which
corresponds to the analysis of the high–low-angle grain boundaries mentioned above.

3.2. Mechanical Properties

Figure 12 displays the red hardness (550 ◦C) histogram of the SS sample. Along with
the increase in the red hardness test time, the average hardness of the mold appeared to
increase, and then decrease, with the overall highest average hardness (672.8 HV) appearing
at 120 min. Comparing the hardness of the three regions during test, the PM23 region
(+40 µm and +20 µm spots) has the highest hardness in the entire test, the H13 region
(−40 µm and −20 µm spots) has the next hardest value, and the region with the lowest
hardness is the bonding region (0 µm spot). The microstructure of the PM23 region con-
sisted of M6C, MC, and the tempered martensite matrix, which has similar characteristics to
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PMHSS. The main factors affecting the hardness of powder metallurgy HSS are dispersion
strengthening, solid solution strengthening, and densification. For the +20 µm spot, its
red hardness is significantly lower than that of the +40 µm spot; by combining the EDS
analysis results in Figures 8 and 9, the decrease in hardness could be related to the diffusion
of elements leading to the weakening of the effects of dispersion strengthening and solid
solution strengthening. Moreover, despite the diffusion of vanadium and tungsten ele-
ments occurring in the bonded region, the presence of nanoscale pores results in a limited
improvement in hardness, which is similar to that of the H13 region. Corresponding inves-
tigations have also discovered that abrupt changes in mechanical characteristics, typically
a deterioration in mechanical characteristics, such as the formation of certain intermetallic
compounds and nanophases that raise the hardness and lower the toughness, tend to occur
at the bonding interface between two metallic materials [16,32–34].
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Table 4 lists the mechanical characteristics of the bonding region, while contrast-
ing two samples that have undergone various surface treatments. For the SS sample,
a higher value was generally obtained. The tensile strength value of the SS sample was
1195.42 ± 61.58 MPa, which was greater than the MS sample’s value of 1158.67 ± 45.23 MPa.
The bending strength difference was more than 21%, with the SS sample outperforming the
others, with 420.19 ± 14.57 MPa in the bending test. They had similar impact toughness
values; the MS sample’s impact toughness was 65 ± 2.78 J, which was 5 J less than the SS
samples’ value. Figure 13 depicts the fracture surface of a tensile test bar. This represents
the typical fractography of quenched and tempered high-speed steel. The fracture surface
was described as a quasi-cleavage fracture with a flat morphology and small facets [35–37];
thus, the fracture mode of the material is brittle. Further information regarding the location
of the fracture is provided in Figure 13c,d. This shows that the fracture occurred in the
PM23 region, and that the bonding region strengthened the metallurgical bond between
the PM23 powder and the H13 mold. Nearly all of the fracture surfaces had dents and
protruding carbides with a diameter of approximately 1.7 µm. Some nanoscale carbides
were also visible.

Table 4. The mechanical properties of bonding region.

Tensile Strength
(MPa)

Bending Strength
(MPa) Impact Toughness (J)

MS 1158.67 ± 15.23 345.33 ± 8.08 65 ± 2.78
SS 1195.42 ± 31.58 420.19 ± 14.57 70 ± 5.35
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3.3. Defects and Failure Forms

Figure 14 shows the two typical powder-related defects of the repaired molds. As
illustrated in Figure 14a, the discontinuity of the interface was witnessed around the powder,
with a diameter of around 10 µm, and the precipitated carbides were not distributed evenly
in the circled PM23 high-speed steel powder. To acquire an excellent repaired interface, the
amount of the powder with a small diameter (≤10 µm) should be controlled. As exhibited
in Figure 14b, nanoscale pores were not only captured around the interface, but were
observed around the PPBs of the PM23 high-speed steel powder, and the distribution of
these pores might influence crack nucleation and growth. Cracks are the one of the major
failure forms of molds. Figure 14c depicts a crack that initialed from the PM23 side and
went through to the H13 side, and its growth, which does not run along the interface,
confirms the matched performances of PM23 and H13. A magnified microstructure of a
crack and an interface is presented in Figure 14d; on the PM23 side, the crack grew along
the carbides, which was attributed to the poor cohesion of martensite and M6C. In the
interface region, the direction of the crack slightly altered, which could be explained by
the occurrence of nanoscale M6C and pores. On the H13 side, limited crack growth also
supports that the H13 mold retained toughness under the heat treatment.
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4. Conclusions

In this study, damaged H13 molds were repaired with PM23 powder via HIP, and
the effect of the surface treatment on the interface and mechanical properties was also
investigated. The following conclusions can be drawn:

• HIP technology enables the repair of H13 molds with PM23 powder with a high density.
• The repaired mold is divided into three main feature regions: the PM23 region with

distributed carbides (M6C and MC), the bonding region with nanoscale carbides, and
the H13 region with MC carbide. Compared with the machined state sample, the
bonding interface is more irregular and jagged in the sandblasted state sample, the
number of nanoscale carbides higher, and there are more low-angle grain boundaries.

• The hardness of the molds surface was enhanced with the PM23 materials, and the
hardness of the PM23 region after 960 min of red hardness testing was still close to
600 HV. Furthermore, the EBSD and three toughness tests indicate that the application
of the sandblasting process is beneficial for the bonding strength of these two materials.
The results indicate that the repair method with HIP and sandblasting is effective.

• There are two forms of defects that occur in this method of repairing molds; one is
microcracking due to the poor bonding of fine powders, and the other is powder
boundary microporosity due to PPB. Therefore, optimizing the powder particle size
is a reasonable means of improving this repair method. In addition, the mold failure
mode was analyzed, it mainly originated from the cracking of PM23, and the direction
of the cracks ran along the carbide expansion of the H13 mold.
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