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Abstract
The interfacial oxidation behavior of Cr4Mo4V high-speed steel (HSS) joints undergoing hot-compression bonding was 
investigated by using optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron micros-
copy (TEM). In the heating and holding processes, dispersed rod-like and granular � − Al

2
O

3
 oxides were formed at the 

interface and in the matrix near the interface due to the selective oxidation and internal oxidation of Al, while irregular 
Si–Al–O compounds and spheroidal  SiO2 particles were formed at the interface. After the post-holding treatment,  SiO2 
oxides and Si–Al–O compounds were dissolved into the matrix, and � − Al

2
O

3
 oxides were transformed into nanoscale 

� − Al
2
O

3
 particles, which did not deteriorate the mechanical properties of the joints. The formation and migration of 

newly-formed grain boundaries by plastic deformation and post-holding treatment were the main mechanism for interface 
healing. The tensile test results showed that the strength of the healed joints was comparable to that of the base material, 
and the in-situ tensile observations proved that the fracture was initiated at the grain boundary of the matrix rather than at 
the interface. The clarification of interfacial oxides and microstructure is essential for the application of hot-compression 
bonding of HSSs.
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1 Introduction

A high-speed steel (HSS) is a special tool steel with supe-
rior hardness and wear resistance, and is widely employed 
in the manufacturing of drills, dies, rolls, and cutting tools 
[1, 2]. The excellent mechanical properties of HSSs can be 
mainly attributed to the high contents of carbon and alloying 
elements [3], which have a significant impact on its weld-
ability when employing conventional welding route [4]. The 
carbon equivalent value (CEV) of a steel is a critical index 

to evaluate the fusion weldability based on the International 
Institute of Welding (IIW) criteria, which is defined as:

According to the IIW, steels with CEV less than 0.4 wt% 
have superior weldability. However, the CEV of HSSs is typ-
ically much greater than 0.4 wt%, which implies that solidi-
fication cracks can occur at the fusion-welded joints due to 
the high residual stress induced during the formation of hard 
and brittle plate martensite in the cooling process [5, 6]. To 
solve this problem, careful pre-heating treatment and very 
strict control of the cooling rate are indispensable to prevent 
crack formation; however, this makes the fusion welding 
process complicated and even inappropriate for HSS [7, 8]. 
As a promising engineering material, the joining technique 
of HSSs is worth exploring to cope with this issue.

Owing to their advantages in welding work-pieces without 
local melting or microstructure disruption, several solid-state 
joining techniques have been recommended for the joining of 
HSSs, namely friction stir welding [9], diffusion welding [10], 
and hot-compression bonding [11]. Sahin et al. [12] joined 

(1)
CEV (wt%) = C + (Mn + Si)∕6 + (Cr +Mo + V)∕5 + (Ni + Cu)∕15

 * Ming-Yue Sun 
 mysun@imr.ac.cn

 * Dian-Zhong Li 
 dzli@imr.ac.cn

1 Shenyang National Laboratory for Materials Science, 
Institute of Metal Research, Chinese Academy of Sciences, 
Shenyang 110016, China

2 School of Materials Science and Engineering, University 
of Science and Technology of China, Shenyang 110016, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-022-01413-7&domain=pdf


1838 W.-F. Liu et al.

1 3

S6-5-2 HSS and AISI 1040 medium-carbon steel via friction 
stir welding. The tensile strength of the joints increased with 
increasing friction pressure and time, reaching the maximum 
value of approximately 75% that of base medium-carbon steel 
and 65% that of base HSS. Post-weld annealing (650 ℃ for 
4 h) is essential to alleviate the brittleness of joints to some 
degree. Mahmoudiniya et al. [13] investigated the microstruc-
ture and mechanical properties of butt welds under different 
transverse speeds. Nevertheless, friction stir welding is more 
appropriate for sheet products owing to its limited penetration 
depth [14]. Shen et al. [4] investigated the effects of diffusion 
bonding temperature, pressure, and time on the microstruc-
ture evolution and tensile strength of powder metallurgy HSSs; 
they demonstrated that a complete weld can be obtained at a 
temperature of 1100 ℃ within varied ranges of the pressure 
and time. However, Yang et al. [15] and Mo et al. [16] stated 
that conventional diffusion bonding requires a high machin-
ing accuracy for the surfaces to be bonded, relatively high 
pressure, and long dwell time; this makes it a high energy-
consuming and inefficient process.

Hot-compression bonding is a rapid solid-state joining 
technology characterized by high temperature and plastic 
deformation [17], making it particularly suitable for parts 
with large sections. Sun et al. [18] reported the manufactur-
ing of a large-scale stainless steel forging ring (ϕ15.6 m) by 
multilayer additive hot-compression bonding technology. The 
interfacial quality is a key issue in hot-compression bonding 
[19]. Various studies have been conducted on the evolution and 
complete healing of bonding interfaces [20, 21]. Zhang et al. 
[22] attributed void closure to the plastic flow, interface diffu-
sion, and volume diffusion around the voids in the bonding of 
stainless steel. Zhang et al. [23] and Zhou et al. [24] investi-
gated the interfacial dynamic recrystallization (DRX) of IN718 
and ODS joints, respectively. As hot-compression bonding is 
typically conducted at high temperatures, i.e., lower than the 
melting point of base materials, oxides are inevitably formed 
at the interface due to the limited vacuum degree, particularly 
in metals with elements that can easily form oxides [25]. With 
the increase in the deformation strain, the virginal material is 
exposed as the interfacial oxide film is broken [26]. Neverthe-
less, the regions where interfacial oxides exist are typically 
the preferential cracking sites, which significantly deteriorates 
the tensile and shear properties of joints [27]. Xie et al. [28] 
found that the decomposition of interfacial oxides  (MnCr2O4) 
is beneficial to the recovery of the mechanical properties of 
the stainless steel bonding joints. The thermodynamic stability 
and decomposition mechanism of  MnCr2O4 were also studied 

by combining first-principle calculations with the thermody-
namics approach [29]. However, Wang et al. [30] found that 
the impairing effect of the oxides on the joints can be largely 
minimized when the oxide fragments are enwrapped in the 
metal matrix. Despite its potential for solid-state joining, the 
hot-compression bonding of HSSs has rarely been reported, 
and the effect of interfacial oxides on the joint performance of 
HSSs is unclear.

In this work, the hot-compression bonding of Cr4Mo4V 
HSS was first conducted, followed by a post-holding treat-
ment to promote interface healing. The formation and evolu-
tion of interfacial oxides and their effect on the mechanical 
properties were investigated. The tensile strength and fracture 
behavior of the joints were studied by in-situ and in-situ test-
ing, respectively. Finally, the healing mechanism of the hot-
compression bonding interface of the HSS was analyzed based 
on the experimental results.

2  Experimental

2.1  Materials and Hot‑Compression Strategy

A commercial Cr4Mo4V HSS, received in the annealed state, 
was used as the raw material in the hot-compression process. 
Table 1 presents its chemical composition. The microstructure 
of the as-received Cr4Mo4V steel comprises a typical ferri-
tic matrix and significant amounts of primary and secondary 
carbides [31], as shown in Fig. 1a. The contacting surfaces of 
the irregular cylindrical samples for bonding were wet-ground 
and ultrasonically cleaned. The hot-compression process was 
conducted in a thermal simulator machine. To explain the 
effect of oxides on the interfacial healing, a vacuum degree 
of 1.0 ×  10−1 torr was applied to obtain more oxides for the 
hot-compression test, which is the lowest allowed value for the 
thermal simulator machine. The temperature of the joint was 
recorded using K-type thermocouples welded to the sample 
surface (Fig. 1b). After assembling coaxially using a clamp 
kit, the samples were heated to 1150 ℃ at a heating rate of 
5 ℃/s and maintained at this temperature for 5 min to eliminate 
any temperature gradient. The samples were then compressed 
isothermally at a strain rate of 0.1  s−1 until the engineering 
strain reached 30%. After isothermal compression, the sam-
ples were cooled to the ambient temperature in a vacuum 
chamber. To investigate the effect of post-holding treatment 
on the microstructural evolution of the bonding interface, the 
as-compressed samples were divided into several groups and 
sealed in vacuum tubes (7.6 ×  10−6 torr). The sealed samples 

Table 1  Chemical composition 
of commercial Cr4Mo4V steel 
(wt%)

C Cr Mo V Si Al Fe

0.82 4.20 4.24 1.01 0.21 0.016 Bal.
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were held for 10 min, 1 h, 6 h, 12 h, and 24 h at 1150 ℃ in a 
muffle furnace.

2.2  Analysis Methods

After the post-holding treatment, the samples were cut along 
the center section parallel to the compression direction, and 
the original bonding interface area was then mechanically 
ground, polished, and chemically etched in a 10% nitric 
acid/alcohol solution. The interfacial microstructure was 
observed using a Zeiss MC63 optical microscope (OM) and 
an FEI Inspect F50 scanning electron microscope (SEM) 
along with energy dispersive X-ray spectroscopy (EDS). The 

interfacial oxides were identified using FEI Talos F200X 
equipped with an EDS instrument. The TEM samples con-
taining interfacial oxides were prepared using focused ion 
beam (FIB; Helios NanoLab 600, FEI) with the in-situ lift-
out method, as shown in Fig. 2.

Accordingly to the Standard GB/T228-2010, the dog-
bone-shaped tensile specimens were directly processed 
from the as-compressed and post-holding-treated samples. 
A tensile specimen from the base material was designed for 
comparison with that from the bonding joints. Figure 1c and 
d shows schematics of the dimensions and locations of the 
tensile specimens, respectively. Tensile tests were conducted 
using an AG-100KNG machine at a strain rate of 0.1 mm/

Fig. 1  a Microstructure of the as-received Cr4Mo4V HSS, b schematic of hot-compression bonding tests conducted using the thermal simulator 
machine, c dimensions of tensile test samples, d sampling scheme of tensile specimens from the bonding joint and base material, e dimensions 
of in-situ tensile test specimens, f sampling scheme of in-situ tensile specimens from the bonding joint, g schematic of the in-situ SEM setup for 
the tensile test

Fig. 2  Main procedures in the FIB lift-out technique for TEM sample preparation: a Pt is deposited at the interface area, b foil containing the 
interface area is cut free with the base material and lifted out of the sample, c foil is welded on a Cu grid, d foil is further thinned to electron 
transparency by ion milling
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min. To study the fracture behavior of samples containing 
an interface, in-situ tensile tests were performed in an FEI 
OUANTA FEG650 SEM. Tensile samples with dimensions 
of 51 mm × 7 m × 0.7 mm (Fig. 1e) were extracted from 
the bonding joint, as illustrated in Fig. 1f. Before testing, 
a 51 mm × 7 mm face was mechanically ground, polished, 
and etched using Nital to observe the fracture phenomenon 
clearly. Figure 1g shows the in-situ tensile setup, where the 
left- and right-side clamps were controlled by a multistep 
gear-drive system to ensure biaxial stretching along the 
central axis. The tensile loading rate was 1 μm/s, and SEM 
images were captured during pauses in the tensile process.

3  Results

3.1  Interfacial Microstructure of As‑compressed 
Bonding Joints

The initial microstructure of the Cr4Mo4V HSS before 
hot-compression was investigated. The assembled samples 
were manually separated without deformation after holding 
at 1150 °C for 5 min; Fig. 3 shows the microstructure of 
the contacting surface. The honeycomb-like microstructure 

indicates a weak diffusion weld between the assembled parts 
during the heating and holding processes. A few crater-like 
holes embedded with the oxides can be observed on the 
contacting surface. From the EDS mapping, the oxides are 
found to be rich in Al or Si elements, which are marked 
by yellow and red circles, respectively. Overall, the oxides 
appear as separated particles rather than continuous films.

Figure 4 shows the profile of the as-compressed bonding 
interface. Discontinuous and dispersed oxide particles were 
found along the original interface, which can be divided into 
three categories, namely Si–oxides, Al–oxides, and Si–Al–O 
compound oxides (as indicated in the inset of Fig. 4a). The 
large and spheroidal Si-oxides mainly exist at the interface. 
The Al-oxides appearing as rod-like and granular parti-
cles mainly exist at the interface and in the matrix near the 
interface, so do the large and irregular Si–Al–O compound 
oxides. A TEM experiment was conducted to analyze the 
composition and structure of the interfacial oxides. As 
shown in Fig. 5, the atomic ratio of Al and O in the Al–oxide 
is approximately 2:3, while the atomic ratio of Si and O 
in the Si–oxide is approximately 1:2. Combined with the 
selected-area electron diffraction pattern (inset in Fig. 5a) 
and the high-resolution TEM (inset in Fig. 5c), the Al–oxide 
is eventually identified as � − Al2O3 , while the Si–oxide is 

Fig. 3  a Micrograph of the bonding interface before hot-compression, b-d elemental distributions of O, Al, and Si, respectively
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Fig. 4  a and b Oxides at the original bonding interface, and EDS maps of c O, d Al, e Si in the white rectangle

Fig. 5  TEM images of interfacial oxides: a  Al2O3, b  SiO2, and c compound oxide. EDS profiles of oxides: d  Al2O3, e  SiO2, f compound parti-
cles. FT: Fourier transformation
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identified as amorphous  SiO2 (Fig. 5b and e). In addition, 
nanoscale compound oxides comprising inner � − Al2O3 and 
outer  SiO2 can be found at the interfacial area (Fig. 5c and f).

3.2  Evolution of Interfacial Microstructure 
and Oxides During Post‑holding Process

Figure 6 shows the interfacial microstructures of the sam-
ples under different post-holding times at 1150 ℃. In the 
as-compressed state (Fig. 6a), the two samples exhibited a 
completely physical contact as the interface is a curved line 
(as indicated in the inset). The austenite grains were largely 
refined in the deformation process, resulting in recrystalliza-
tion in both the matrix and the interfacial area. The oxides 
along the interface were too small to distinguish at the mac-
roscale. After holding for 10 min, the grains grew rapidly, 
and some of the interfacial grains bulged into the opposite 
site, leaving a black string at the grain interior, as indicated 
by white arrows. As the holding time was increased to 1 h 
and 6 h, the grains further grew as more proportions of the 
interface were replaced by the bulged grains. For holding 
times of 12 h and 24 h, the original interface was completely 
replaced by the bulged grains. At the microscale, there is a 
black string comprising oxides at the initial interface.

The interfacial oxides are further studied by SEM in 
Fig. 7 and TEM in Fig. 8. A significant amount of oxide 
particles remained along the bonding interface in the as-
compressed state, and the matrix among oxides contacted 
to form new grain boundaries. After holding for 10 min, the 
interfacial spheroidal  SiO2 oxides were dissolved into the 

matrix, while the irregular Si–Al–O compound oxides and 
rod-like and granular � − Al2O3 oxides showed little change. 
When the holding time increased to 1 h, most of the large 
and irregular Si–Al–O compound oxides disappeared leav-
ing only � − Al2O3 oxides corresponding to the black string 
shown in Fig. 6. As the holding time prolonged to 24 h, the 
amount of residual  Al2O3 oxides was further reduced. Nota-
bly, the distribution of the residual  Al2O3 inside the bulged 
grains was maintained at the original interface without evi-
dent movement. Finally, only refined nanoscale  Al2O3 parti-
cles remained at the grain interior in the original interfacial 
area, identified as � − Al2O3 oxides, as presented in Fig. 8.

3.3  Mechanical Properties

Tensile tests were conducted to evaluate the bonding 
strength of the joints. Generally, it is inappropriate to evalu-
ate the bonding degree using the absolute strength of joints 
because samples with different thermal histories have differ-
ent tensile strengths. The restoration ratio ( � ) of the tensile 
strength was used to assess the bonding degree of the sam-
ples and is defined as follows:

where Rmj is the tensile strength of a hot-compressed joint, 
and Rmb is the tensile strength of the base material under the 
same compression and holding conditions. As presented in 
Fig. 9, the tensile strengths of the as-compressed bonding 

(2)� =

Rmj

Rmb

× 100%

Fig. 6  Evolution of the interfacial microstructure under different holding time: a 0 min, b 10 min, c 1 h, d 6 h, e 12 h, f 24 h
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Fig. 7  Evolution of interfacial oxides under different holding time: a 0 min, b 10 min, c 1 h, d 6 h, e 12 h, f 24 h

Fig. 8  a and b TEM images of interfacial oxides after 24 h of holding at 1150 ℃. EDS maps of c Al d O in image b 
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joint and base material are 549 MPa and 569 MPa, respec-
tively, and the restoration ratio is 96.49%. The comparable 
tensile strengths indicate that the bonding interface was 
nearly healed after deformation under the 1150 ℃/30% con-
dition. With the holding treatment, the restoration ratio of 
the joints increased to nearly 100%. The tensile strength of 
the base material and bonding joints both slightly decreased 
with increasing holding time, which is attributed to grain 
coarsening. Figure 10 shows the tensile fracture morphol-
ogies of the bonding joints and base materials, where no 
oxides can be found on the fracture image due to the small 

size and limited amount. The samples underwent brittle frac-
ture, and all the surfaces showed intergranular or transgranu-
lar features, proving that the joint exhibited nearly the same 
fracture behavior as the base material.

At the macroscale, the fracture zone of the dog-bone-
shaped tensile samples was mainly located at the substrate. 
In-situ tensile testing was conducted to analyze the fracture 
behavior; Fig. 11 shows the microstructural evolution of 
samples containing an interface. It is challenging to identify 
the interfacial nanoscale � − Al2O3 oxides due to the low 
magnification. The original interface of the sample subjected 
to 24 h of holding was distinguished at the middle of the 
micrograph based on the grain size difference (Fig. 11a). 
When the tensile displacement increased to 186 μm, a crack 
initiated at the grain boundary on one side rather than in the 
original interface area in Fig. 11b. The crack propagated rap-
idly along the grain boundary with increasing displacement 
(Fig. 11c). Finally, the sample fractured immediately at the 
matrix in a brittle model, as shown in Fig. 11d.

4  Discussion

4.1  Formation and Dissolution of Interfacial Oxides

After cleaning the contaminant layer and oxide scale on the 
surface by mechanical grinding, the initial bonding inter-
face before heating is clean and fresh. However, due to the 
limited vacuum degree ( 1.0 × 10−1 torr), the oxidation of 

Fig. 9  Tensile strengths of the bonding joints and base material under 
different holding time

Fig. 10  Tensile fracture morphologies of the bonding joints and base material under various deformation and holding time. IS: intergranular sur-
face, TS: transgranular surface
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the alloying elements during the heating and holding pro-
cesses is inevitable, particularly for elements that can easily 
form oxides, which is a selective oxidation process [32]. 
The oxidation potential of the various alloying elements 
in this process depends on the standard molar Gibbs free 
energy ( ΔrG

θ

m
 ). According to the Gibbs–Helmholtz formula, 

ΔrG
θ

m
(T) is calculated as:

where ΔrH
�

m
(T) is the standard molar enthalpy, ΔrS

�

m
(T) is 

the standard molar entropy, ΔrCp,m is the standard molar heat 
capacity at constant pressure, and T is the temperature in 
Kelvin. Table 2 presents the corresponding thermodynamic 
parameters of the molecular formulae of the various oxides 
[33]. The standard molar reaction Gibbs function ( ΔrG

�

m
 ) of 

(3)ΔrG
𝜃

m
(T) =ΔrH⃗

𝜃

m
(T) − TΔrS

𝜃

m
(T)

(4)ΔrH
�

m
(T)=ΔrH

�

m
(298.15 K)+

T

∫
298.15K

ΔrCp,mdT

(5)ΔrS
�

m
(T) = ΔrS

�

m
(298.15K) +

T

∫
298.15K

ΔrCp,m

T
dT

the various oxides at 1150 ℃ (1423.15 K) was calculated 
and listed in Table 2 based on Eqs. (3–5). When the tem-
perature reaches 1150 ℃, ΔrG

�

m
 of the various oxides follows 

the order:  Al2O3 <  SiO2 <  Cr2O3 < FeO <  Fe3O4 <  Fe2O3. 
In the heating and holding processes, the Al element has 
the strongest affinity with the O element compared with the 
other alloying elements; it firstly reacts with O and forms 
� − Al2O3 particles and whiskers.

As observed from the profile of the interface in Fig. 4a 
and b, the rod-like and granular � − Al2O3 oxides mainly 
exist at not only the interface but also in the matrix near 
the interface. According to the internal oxidation theory, 
the diffusion of O atoms from the interface to the matrix 
is easier than the outward diffusion of Al atoms [34]. The 
internal oxidation of the solute elements facilitated by 
the diffusion of O atoms from the surface scale results 
in subscale formation of � − Al2O3 particles. Due to the 
low amount of Al (0.016 wt%) in the matrix, a part of O 
reacted with the other alloying elements. From ΔrG

θ

m
 in 

Table 2, Si has the second strongest affinity with O. After 
the complete consumption of Al atoms at the interface, 
the Si atoms at the interface reacted with the O atoms. 
The  SiO2 oxides were only formed at the interface because 

Fig. 11  In-situ tensile observations of the microstructural evolution of bonding joints with displacements of a 0 μm, b 186 μm, c 197 μm, d 
245 μm
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the O atoms diffusing into the matrix easily react with Al. 
Moreover, large and irregular Si–Al–O compound oxides 
were formed in this selective oxidation process. The TEM 
analysis of the compound oxides in Fig. 5c demonstrates 
that the oxidation of Al is prior to Si as � − Al2O3 oxide 
particles act as nucleation sites of  SiO2 oxides. Overall, 
unlike the continuous and thick oxide film formed at the 
hot-compressed interface of stainless steel [26], the inter-
facial oxides of Cr4Mo4V HSS, namely � − Al2O3 and 
 SiO2, are discontinuous and dispersed. The discontinuous 
distribution of the oxides is beneficial for interface healing 
because the virginal matrix can contact directly without 
extrusion from the continuous and dense oxide films [14].

In the deformation process, the interfacial oxides were 
surrounded by the matrix and transformed into intra-
granular inclusions. The evolution of these oxides dur-
ing the holding process in the enclosed environment 
mainly depends on the thermodynamics of the matrix 
and oxides. According to Xie et al. [35], the interfacial 
oxides  (MnCr2O4) of stainless steel joints decompose dur-
ing holding due to the lower equilibrium oxygen partial 
pressure ( PO2

 ) of the matrix. The decomposition product 
oxygen ions diffuse inward from the interface and react 
with the solute metal to form  Al2O3 oxides [36]. This helps 
explain the dissolution behavior of the interfacial oxides 
in Cr4Mo4V HSS joints. The activity of the O element in 
the Cr4Mo4V steel matrix was calculated using Thermo-
Calc software with TCFE8 database. As presented in 
Fig. 12, the activity of O element in the matrix at 1150 ℃ 
is 1.73 ×  10−17, and the corresponding equilibrium oxygen 
partial pressure ( PO2

 ) is 1.61  ×   10−37 atm. Typically, it is 
difficult to form native  SiO2 inclusions in the matrix under 
such low PO2

 [35]. The  SiO2 oxides, formed in the heating 
and holding processes when the PO2

 was high, were unsta-
ble after they transformed into intragranular inclusions in 
the hot-compression process. Therefore, the  SiO2 oxides 
would rapidly decompose into metallic ions and oxygen 
ions after holding for 10 min at 1150 ℃. The large and 

irregular Si–Al–O compound oxides with a high Si content 
gradually dissolved into the matrix with prolonged holding 
time. There were only � − Al2O3 oxides at the interface 
after 1 h of holding.

The long holding time results in the transformation of 
transitional � − Al2O3 to stable � − Al2O3 oxides, and the 
latter is at the nanoscale and cannot dissolve into the matrix 
despite the long holding time (Fig. 7f). The transformation 
of � − Al2O3 → � − Al2O3 has been reported in the literature 
for other materials [37]. Belonoshko et al. [38] reported that 
high temperature and free surfaces can contribute to the tran-
sition from metastable  Al2O3 to thermodynamically-stable 
� − Al2O3 . Chen et al. [39] calculated the energy of  Al2O3 
with different structures and found that the total energy of 
� − Al2O3 (−1431.86 eV) is lower than that of � − Al2O3 
(−1430.18 eV), which indicates that � − Al2O3 can be con-
verted to � − Al2O3 during post-holding process. Therefore, 
only a black string comprising nanoscale � − Al2O3 oxides 
remains at the original interface of Cr4Mo4V joint, as illus-
trated in Fig. 13e.

Table 2  Corresponding 
thermodynamic parameters of 
various chemical reactions at 
298.15 K and 1423.15 K

Chemical reaction Δ
r
H

�

m
 

(kJ ⋅mol
−1
)

(298.15 K)

Δ
r
S
�

m

(J ⋅mol
−1

⋅ K
−1
) 

(298.15 K)

Δ
r
H

�

m
 

(kJ ⋅mol
−1
)

(1423.15 K)

Δ
r
S
�

m

(J ⋅mol
−1

⋅ K
−1
) 

(1423.15 K)

Δ
r
G

�

m

(kJ ⋅mol
−1
) 

(1423.15 K)

2Fe(s) +  O2(g) = 2FeO(s) − 533,000 − 151.7 − 507,462 − 116.2  −  342,064
6FeO(s) +  O2(g) =  2Fe3O4(s) − 637,800 − 236.3 − 693,036 − 313.1 − 247,532
4Fe3O4(s) +  O2(g) =  6Fe2O3(s) − 471,600 − 266.3 − 449,190 − 235.1 − 114,552
4/3Cr(s) +  O2(g) = 2/3Cr2O3 − 759,800 − 182.7 − 738,837 − 153.6 − 520,279
Si(s) +  O2(g) =  SiO2(s) − 903,500 − 177 − 909,012 − 184.7 − 646,213
4/3Al(s) +  O2(g) = 2/3Al2O3(s) − 1,117,800 − 208.9 − 1,127,962 − 223.0 − 810,571

Fig. 12  Activity of O element in the Cr4Mo4V steel matrix versus 
the temperature
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4.2  Healing Mechanism of Bonding Interface

Figure 13 shows the healing mechanism of the Cr4Mo4V 
HSS bonding interface. The initial interface comprising 
convex and concave sections is rather irregular. In the heat-
ing and holding processes, dispersed � − Al2O3 and  SiO2 
particles are successively formed at the interface and in the 
matrix near the interface (Fig. 13a and b). In the deforma-
tion process, the protruded sections are in direct contact 
and transform into new grain boundaries, as indicated in 
green in Fig. 13c. According to Kizuka [40], the atoms on 
the surface of metals contact spontaneously and transform 
into new grain boundaries when the surfaces approach the 
critical distance, i.e., a few atoms apart. The plastic defor-
mation of interfacial materials during hot compression can 
produce atomic-level contact areas, which transform the 
interface into new grain boundaries, resulting in a metal-
lurgical bonding. Notably, the hindering effect of oxides 
on the exposure and contacting of virginal material in 
Cr4Mo4V steel joints is negligible because of the discon-
tinuous and dispersed distribution, making it easy to form 
new grain boundaries at a low deformation strain.

With increasing strain, more interfacial areas come in 
contact and transform into new grain boundaries. Mean-
while, interfacial oxides with different morphologies 
are completely transformed into inclusions in the matrix 
(Fig. 13d). The tensile testing results, shown in Fig. 9, 
demonstrate that the effects of discontinuous oxide par-
ticles surrounding the matrix on the mechanical proper-
ties are negligible because of their fine size and limited 
amount. Similar results have also been reported for stain-
less steel joints [29] and In718 superalloy joints [31]. In 
the holding process, the newly-formed grain boundaries 
can migrate to the opposite side, leading to enhanced inter-
penetration of the interfacial grains. The hot-compression 
can produce many movable dislocations near the interfa-
cial grain boundaries via severe plastic deformation [17]. 
The stored energy generated by the dislocations can act 
as the driving force of the grain boundary migration dur-
ing the holding process. Finally, the original interface is 

completely replaced by the migrated grains (Fig. 13e). The 
in-situ tensile testing results show that the healed interface 
has a comparable strength to the matrix as the crack initi-
ates at one side of the joint.

5  Conclusions

The interfacial microstructure and oxides of Cr4Mo4V 
HSS joints subjected to hot-compression and post-hold-
ing treatment was investigated. The main results are as 
follows:

1. In the heating and holding processes, dispersed rod-like 
and granular � − Al2O3 oxides, irregular Si–Al–O com-
pounds, and spheroidal  SiO2 particles were formed at 
the interfacial area because of the selective oxidation 
and internal oxidation of Al and Si.

2. After the post-holding treatment at 1150 ℃,  SiO2 par-
ticles and Si–Al–O compounds successively dissolved 
into the matrix, and � − Al2O3 oxides were finally trans-
formed into nanoscale � − Al2O3 oxides. The effect of 
intragranular residual � − Al2O3 oxides on the mechani-
cal properties of joints was limited due to their small 
size and limited amount.

3. The hot-compressed samples were bonded by the migra-
tion of newly-formed grain boundaries at the interface. 
Post-holding treatment further promoted the migration 
of these boundaries, resulting in a complete healing of 
the interface.
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