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Abstract: Heavy components of low-alloy high-strength (LAHS) steels are generally formed by multi-pass forging. It is necessary to ex-
plore the flow characteristics and hot workability of LAHS steels during the multi-pass forging process, which is beneficial to the formu-
lation of actual processing parameters. In the study, the multi-pass hot compression experiments of a typical LAHS steel are carried out at
a wide range of deformation temperatures and strain rates. It is found that the work hardening rate of the experimental material depends on
deformation parameters and deformation passes, which is ascribed to the impacts of static and dynamic softening behaviors. A new mod-
el is established to describe the flow characteristics at various deformation passes. Compared to the classical Arrhenius model and modi-
fied Zerilli and Armstrong model, the newly proposed model shows higher prediction accuracy with a confidence level of 0.98565. Fur-
thermore,  the  connection  between power  dissipation  efficiency  (PDE)  and  deformation  parameters  is  revealed  by  analyzing  the  micro-
structures. The PDE cannot be utilized to reflect the efficiency of energy dissipation for microstructure evolution during the entire deform-
ation process, but only to assess the efficiency of energy dissipation for microstructure evolution in a specific deformation parameter state.
As a result, an integrated processing map is proposed to better study the hot workability of the LAHS steel, which considers the effects of
instability factor (IF), PDE, and distribution and size of grains. The optimized processing parameters for the multi-pass deformation pro-
cess are the deformation parameters of 1223–1318 K and 0.01–0.08 s−1. Complete dynamic recrystallization occurs within the optimized
processing parameters with an average grain size of 18.36–42.3 µm. This study will guide the optimization of the forging process of heavy
components.
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 1. Introduction

Low-alloy  high-strength  (LAHS)  steels  are  popular  in
manufacturing heavy components due to their low cost and
superior  performance  [1–3].  Due  to  the  complex  structure,
huge size, and large deformation resistance, heavy compon-
ents  of  LAHS  steels  are  usually  formed  by  multi-pass  for-
ging  [4–5].  However,  the  deformation  behaviors  and  hot
workability  of  metallic  materials  during  the  multi-pass  de-
formation process are different from those of the single-pass
deformation  process  [6–8].  Because  the  static  softening
mechanisms  may  occur  during  the  multi-pass  deformation
process [9–11]. In order to realize the accurate regulation of
the  deformation  behaviors  of  the  LAHS  steels  during  the
multi-pass forging process of heavy components, it is neces-
sary to carry out research on the flow characteristics and hot

workability during the multi-pass deformation process.
There are many studies on the multi-pass deformation of

metallic materials [12–15]. Liu et al. [16] found that the main
softening  mechanisms  of  Ti–6Al–4V  alloy  during  various
deformation passes are the dynamic recrystallization (DRX)
of β phase for the first-pass deformation, spheroidization of α
phase for the second-pass deformation, and DRX of α phase
for the third-pass deformation. Ma et al. [17] found that the
mechanism for the static softening of TA15 alloy is the glob-
ularization behavior of the primary α phase. Tang et al. [18]
proposed an integrated model to evaluate the impacts of dif-
ferent alloying elements on the static softening behaviors of
Al–Zn–Mg–Cu alloys.  Jia et  al. [19]  established  a  density-
based  model  for  the  flow  stress  of  Q345B steel  during  the
multi-pass deformation process, which considered the influ-
ences  of  dynamic  and  static  softening  mechanisms.  Wang 
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et al. [20] established a multi-scale model, and simulated the
macro  and  micro  evolution  during  the  multi-pass  deforma-
tion process.  Nie et al. [21] established processing maps of
Mg–8Gd–3Y under multi-pass deformation, and pointed out
that  processing windows can be widened by multi-pass  de-
formation.

During the multi-pass deformation process, dynamic and
static  softening  mechanisms  are  complex,  which  can  affect
the deformation behaviors under various deformation passes
[22–23].  Reliable  constitutive  models  and  reasonable  pro-
cessing parameters can ensure the accurate prediction and ef-
fective regulation of  deformation behaviors of  metallic  ma-
terials during the multi-pass deformation process. However,
current  constitutive  models  for  multi-pass  deformation  are
complex, which restricts their application in commercial soft-
ware. It is significant to establish a concise and reliable con-
stitutive model for multi-pass deformation. Furthermore, the
current optimization method of processing maps is based on
instability factor (IF) and peak power dissipation efficiency
(PDE).  Actually,  peak  PDE does  not  always  correspond  to
the optimal interval  of  deformation parameters.  How to ac-
curately optimize the processing parameter interval is an ur-
gent problem to be solved.

For  the  hot  deformation  behaviors  of  LAHS  steels,  Li
et  al. [24]  investigated the DRX mechanism of  300M steel
and constructed a DRX kinetics model. Xiong et al. [25] con-
structed a model for the flow stress of ultrahigh-strength steel
during single-pass deformation. Wang et al. [26] explored the
hot workability of 30Si2MnCrMoVE steel during the single-
pass deformation process. Zhao et al. [27] explored the meta-
dynamic  recrystallization  mechanism  of  300M  steel  by in-
situ observations. Chen et al. [28] analyzed the impacts of de-
formation temperature,  strain rate,  strain,  inter-pass soaking
time,  and  deformation  passes  on  the  flow  stress.  However,
there are few reports on the constitutive analysis and evalu-
ation  of  hot  workability  for  the  multi-pass  deformation  of
LAHS steels. As mentioned above, the deformation behavi-
ors  of  the  multi-pass  deformation  process  are  significantly
different from those of the single-pass deformation process. It
is vital to explore the deformation behaviors of LAHS steels
during multi-pass deformation.

In the study, the multi-pass compression experiments are
carried out on the Gleeble 3500 device to mimic the multi-
pass forging process of LAHS steels. The impacts of deform-
ation parameters and passes on work hardening behaviors are
analyzed. A new model for flow stress during the multi-pass
deformation process is established. Furthermore, a novel op-
timization  method  for  the  processing  parameters  of  LAHS
steels during multi-pass deformation is proposed. It is useful
for  the  regulation  of  the  deformation  behaviors  of  LAHS
steels during the actual multi-pass forging process.

 2. Experimental

In this study, LAHS steel was used to conduct the multi-
pass compression experiments by thermal simulation experi-

ments. The LAHS steel was produced by vacuum induction
melting  and  vacuum  arc  remelting,  and  the  as-received
LAHS steel was hot rolled with a diameter of 300 mm, which
was provided by China National Erzhong Group Co. Table 1
depicts the chemical composition of the experimental LAHS
steel. Fig. 1 displays the microstructure of the experimental
LAHS steel, which consists of equiaxed grains.
  
Table  1.     Chemical  composition  of  the  experimental  LAHS
steel wt%

C Si Mn P Cr Mo Ni V Cu Fe
0.39 1.60 0.70 0.01 0.89 0.40 1.80 0.07 0.06 bal.

 

  

50 μm50 μm

Fig.  1.     Original  microstructure  of  the  experimental  LAHS
steel.
 

The multi-pass compression experiments were conducted
on  the  Gleeble  3500  thermal  simulator.  The  detailed  prin-
ciple of the experimental setup was described in the reported
literature  [29].  The thermal  compression samples  were  ma-
chined to a diameter of 8 mm and height of 12 mm by the
method of low-speed wire cutting. Before the thermal com-
pression experiments, each end of the samples was placed a
thin graphite film to eliminate the effect of friction. Besides,
the thin tantalum sheet was placed between the graphite sheet
and the  indenter  to  prevent  adhesion when the deformation
amount  was  large.  The  thermocouple  was  welded  to  the
middle of the samples to achieve accurate temperature con-
trol.  The  experimental  deformation  parameters  were
1173–1473  K  and  0.01–10  s−1.  Both  the  first-pass  and
second-pass strains were 0.6. The experimental procedure for
thermal  simulation  experiments  is  displayed  in Fig.  2.  The
experimental samples will be quenched quickly after the de-
formation  process.  The  microstructures  of  experimental
samples at various deformation parameters were analyzed by
etching  the  samples.  The  etching  method  was  described  in
the reported literature [30].

 3. Results and discussion
 3.1. Flow behaviors analysis

 3.1.1. Stress–strain curves
Fig. 3 shows the flow stress curves at various deformation

parameters.  At different deformation passes,  the flow stress
increases as the deformation temperature falls and the strain
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rate  rises.  It  can be ascribed to the completion between the
hardening effect of strain rate and the softening effect of de-
formation temperature. Furthermore, the stress–strain curves
display peak stress during various deformation passes at high
deformation  temperatures  and  low  strain  rates,  such  as  the
deformation parameters of 1473 K and 0.01 s−1. It indicates
that it is easy for DRX development under these deformation
conditions. In a comparison of flow stress among various de-
formation passes, the flow stress of second-pass deformation
exceeds that of first-pass deformation. It can be attributed to
the  strain  storage  energy  in  the  experimental  material.  The
deformation  amount  of  the  first-pass  deformation  is  not
enough large to allow sufficient  occurrence of  DRX within

the material. As a result, there is much strain storage energy
in the deformed material after first-pass deformation, which
causes a large deformation resistance during second-pass de-
formation.
 3.1.2. Work hardening characteristics

According to Fig. 3, the variation rule of flow stress is dis-
tinctly  various  at  different  deformation  parameters  and  de-
formation passes. In this section, the impacts of deformation
parameters  and  passes  on  the  variation  rules  of  flow  stress
will  be  evaluated  by  the  work  hardening  rate.  The  work
hardening rate can be calculated by Eq. (1) [31–32]:

θ =
dσ
dε

(1)

σ εwhere θ is work hardening rate,  is true stress, and  is true
strain.

The  work  hardening  rate  at  various  deformation  condi-
tions is calculated by Eq. (1), and Fig. 4 displays the calcu-
lated results. The work hardening rate is sensitive to the de-
formation conditions. As the strain rate reduces and the de-
formation temperature increases, the work hardening rate de-
creases drastically. The dislocation slip and climb can easily
recombine at high deformation temperatures, promoting the
production of dislocation cells and subgrains. Also, there is a
longer time for element migration and the formation of DRX
grains  at  lower strain rates.  Comparing the work hardening
rates at various deformation passes, the second-pass deform-
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Fig. 2.    Experimental procedure of thermal simulation experi-
ments.
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Fig. 3.    Stress–strain curves at (a) different deformation temperatures and (b) different strain rates.
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ation  process  displays  larger  work  hardening  rates  than  the
first-pass deformation. As the deformation temperature rises,
the disparity in the work hardening rate of different deforma-
tion passes  diminishes.  It  is  generally  known that  deforma-
tion  temperature  has  a  close  relationship  with  both  the  dy-
namic and static softening mechanisms. The dynamic soften-
ing process can effectively develop at high deformation tem-
peratures,  consuming  the  strain  storage  energy  generated
during  the  first-pass  deformation.  Furthermore,  the  static
softening effect  is  also more significant  at  higher temperat-
ures.  As  a  result,  the  strain  storage  energy  within  the  de-
formed  material  can  be  consumed  adequately  at  high  de-
formation temperatures before the second-pass deformation.
The  difference  in  the  work  hardening  rate  between  various
passes decreases as the strain rate goes down. At lower strain
rates,  the dynamic softening effect is more pronounced and
can efficiently burn the strain storage energy generated dur-
ing the first-pass deformation.

Generally,  the representative curves of  the work harden-
ing rate can be separated into two or three stages. Fig. 5 dis-
plays the representative curves of work hardening rates con-
sisting  of  two  stages.  In  the  first  stage,  the  relationship
between flow stress and work hardening rate is linear, and the
work hardening rate reduces rapidly with the increasing flow
stress.  Because  the  dislocation  annihilation  and  recombina-
tion occur at the initial deformation stage [33], this first stage
starts when plastic deformation occurs and ends when DRX
grains  come  into  form.  When  the  flow  stress  exceeds  the
value corresponding to the inflection point of work harden-
ing rate curves, the second stage starts. Due to the impacts of
DRX and dynamic recovery at this point, the work hardening
rate falls to zero when flow stress hits the peak stress. After
that, the flow stress keeps decreasing while the work harden-
ing rate hardly changes. It suggests that work hardening and
dynamic softening processes are in a dynamic equilibrium.

 3.2. Constitutive modeling

 3.2.1. Arrhenius constitutive model
According  to Fig.  3,  the  difference  in  flow  stress  under

various  deformation  passes  is  obvious.  To  characterize  the

impacts of deformation parameters and passes on flow beha-
viors,  a trustworthy constitutive model must be established.
In the study, the Arrhenius constitutive model is established
to forecast the flow stress at various deformation conditions.
The  detailed  form  of  the  Arrhenius  model  is  shown  below
[34–36]:

Z = ε̇exp
( Q
RT

)
=


A1σ

n1 , (ασ < 0.8)

A2exp(βσ) , (ασ > 1.2)

A[sinh(ασ)]n, (for all)

(2)

where Z is Zener-Hollomon parameter, A1, A2, A, n1, β, α, and
n are material constants, R is gas constant, and Q is deforma-
tion activation energy. The flow stress at the strain of 0.1 is
selected to calculate the above parameters in Eq. (2). The cal-
culation process of  those parameters in Eq.  (2)  is  shown in
Fig. 6.

Fig. 6 depicts the calculation process of those parameters
at  a  specific  strain.  It  is  necessary  to  establish  the  link
between  these  parameters  and  strain  to  forecast  the  flow
stress  at  different  deformation  conditions  accurately.  These
parameters n1, β, n, Q, and A can be determined based on the
calculation method shown in Fig. 6. Considering the various
variation rules of parameters α, n, Q,  and A at different de-
formation  passes,  it  is  necessary  to  establish  a  piecewise
function for the flow behaviors of experimental LAHS steel.
The detailed model is shown below:

σ =
1
α

sinh−1{ε̇exp[Q/(RT )]/A
} 1

n (3)

During  the  first-pass  deformation,  these  parameters  in
Arrhenius constitutive model can be expressed as below:

α = 0.017−0.095ε+0.589ε2−1.761ε3+

2.512ε4−1.371ε5

n = 5.149+9.562ε−97.582ε2+304.348ε3−
415.852ε4+215.198ε5

Q = (0.435−0.181ε+1.231ε2−7.359ε3+15.75ε4−
10.727ε5)×106

lnA = 37.108−7.548ε+10.709ε2−282.376ε3+

809.076ε4−612.109ε5

(4)

During the second-pass deformation, these parameters in
Arrhenius constitutive model can be expressed as below:

α = 0.768−3.901ε+8.021ε2−8.224ε3+

4.198ε4−0.853ε5

n = (−2.8+15.292ε−32.382ε2+33.861ε3−
17.505ε4+3.582ε5)×102

Q = (−1.031+5.747ε−11.978ε2+12.218ε3−
6.125ε4+1.209ε5)×107

lnA = (−1.095+6.069ε−12.712ε2+13.055ε3−
6.6ε4+1.316ε5)×103

(5)

The comparison of the experimental and calculated flow
stress at various deformation parameters is shown in Fig. 7.
There is little variation between the experimental and calcu-
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lated  flow stress  of  the  first-pass  deformation.  However,  at
the  second-pass  deformation,  there  is  a  clear  divergence
between  the  experimental  and  calculated  flow  stress.  It  is
ascribed to the coupling impacts of deformation parameters
and deformation passes. It suggests that the Arrhenius model
is not reliable to forecast the flow stress when the variation
rule of flow stress is complex at various deformation condi-
tions.
 3.2.2. Modified Zerilli and Armstrong (ZA) model

Zerilli  and  Armstrong  (ZA)  constitutive  model  is  semi-
empirical, and it is widely used in many commercially finite
element software [37]. Samantaray et al. [38] have modified
the ZA model to forecast the flow stress of austenitic stain-
less steel during the single-pass deformation process. In the

study,  the  modified  ZA model  is  used  to  describe  the  flow
behaviors of the experimental LAHS steel during the multi-
pass deformation process. The detailed form of the modified
ZA model is shown below:

σ = (B+B1ε
B2 )exp[− (B3+B4ε)T ∗+ (B5+B6T ∗) lnε̇∗] (6)

T ∗ = (T −Tref)
ε̇∗ = ε̇/ε̇ref ε̇ref

where B is the yield stress at the reference deformation tem-
perature  and  strain  rate, B1–B6 are  material  constants,

 with Tref being  the  reference  deformation
temperature,  and  with  being  the  reference
strain rate. In the study, the reference deformation temperat-
ure and strain rate are determined to be 1473 K and 1 s−1, re-
spectively.

ε̇ ε̇refFirst, when T and  are equal to Tref and , Eq. (6) can be
expressed as below:
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ln (σ−B) = lnB1+B2lnε (7)
lnB1

ln (σ−B) lnε
As  shown  in  Eq.  (7),  and B2 are  the  intercept  and

slope of the  vs.  plot, respectively.
ε̇ ε̇refThen, when  is equal to , Eq. (6) can be expressed as

Eq. (8):

lnσ = ln(B+B1ε
B2 )− (B3+B4ε)T ∗ (8)

− (B3+B4ε) lnσ
T ∗

According to Eq. (8),  is the slope of  vs.
 plot, and the parameters B3 and B4 can calculated at vari-

ous strains.
Finally, taking the natural logarithm of Eq. (6), Eq. (9) can

be obtained as below:

lnσ = ln(B+B1ε
B2 )− (B3+B4ε)T ∗+ (B5+B6T ∗) lnε̇∗ (9)

(B5+B6T ∗) lnσ lnε̇∗It is obvious that  is the slope of  vs. 
plot, and parameters B5 and B6 can be calculated at different
deformation temperatures.

These  material  constants  in  Eq.  (6)  can  be  obtained  by
Eqs.  (7)–(9).  These  calculated  results  for  the  first-pass  de-
formation  and  second-pass  deformation  are  shown  in
Table 2. Fig. 8 shows the comparison of calculated and ex-
perimental  flow  stress  at  various  deformation  parameters.
There is significant difference between the predicted and ex-
perimental flow stress. It indicates the modified ZA model is
not suitable to establish the constitutive model for the experi-
mental LAHS steel in the study.

  
Table 2.    Values of the parameters in the modified ZA model

Deformation pass B B1 B2 B3 B4 B5 B6

First-pass 30.53 72.857 0.6626 0.0035 0.0017 0.1663 0.00014
Second-pass 31.88 43.926 1.9724 0.0057 −0.0016 0.1474 0.00007

 

 3.2.3. Novel constitutive model
According to the discussions in Sections 3.2.1 and 3.2.2,

the popular Arrhenius model and modified ZA model cannot
forecast the flow stress of the experimental LAHS steel ac-
curately. Moreover, the form of the Arrhenius model is com-
plex,  which  is  unfavorable  to  the  application  of  the  con-
stitutive model in commercial software. To accurately fore-
cast  the flow stress,  a novel and reliable constitutive model
must be put out and constructed. Fields–Backofen (FB) mod-
el is a classical model for describing the flow stress, and its

form is displayed below [39–40]:

σ =CεC1 ε̇C2 (10)
where C, C1, and C2 are material constants. However, it can-
not quantify the impacts of deformation temperature on flow
stress. The FB model is modified by introducing the soften-
ing term, as shown in Eq. (11) [41]:

σ = DεD1 ε̇D2 (D3T +D4ε) (11)
where D1–D4 are  material  constants.  The  relationship
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between flow stress and deformation temperature is linear in
Eq.  (11).  It  is  inconsistent  with  the  variation  rule  of  flow
stress  with  deformation  temperature  in Fig.  3(a).  Further-
more, the coupling effects of different deformation paramet-
ers have not been considered in Eq. (11). In the study, a new
constitutive model is proposed as shown in Eq. (12):

σ = Eexp
(E1

T

)
exp[(E2+E3ε̇)ε]ε(E4+E5 ε̇)ε̇(E6+E7ε) (12)

where E–E7 are material  constants.  The effects of deforma-
tion temperature, strain rate, and strain on the flow character-
istics are considered in Eq. (12). The relationship between the
flow stress and the inverse of deformation temperature is an
exponential  function.  Moreover,  the  completion  of  work

hardening and dynamic softening can be reflected by the ex-
ponential  and  power  functions  of  strain.  Considering  the
strain rate sensitivity, the strain rate and strain are coupled in
Eq. (12).

The method of multivariate nonlinear regression analysis
can be used to  calculate  these material  constants.  Since the
deformation process consists of multiple deformation passes,
it  is  necessary  to  build  the  constitutive  model  in  sections
based on Eq. (12). The calculated parameters for various de-
formation  passes  are  depicted  in Table  3. Fig.  9 depicts  a
comparison  of  the  experimental  and  calculated  flow  stress
under various deformation parameters. The calculated results
can match well with the experimental results. It suggests that
the newly proposed model is trustworthy.

  

Table 3.    Values of the parameters in the newly proposed model

Deformation pass E E1 E2 E3 E4 E5 E6 E7

First-pass 1.202 6657.814 −0.525 −0.004 0.221 0.005 0.343 −244.672
Second-pass 5.368 6689.658 −1.813 −0.011 2.148 0.004 0.267 −149.862

 

 3.2.4. Prediction accuracy analysis
The accuracy of the Arrhenius model and the newly pro-

posed model is compared in this section. The mean absolute
error (AARE), Pearson correlation coefficient (PCC), and re-
lative error (RE) distribution are utilized to analyze the accur-
acy of these established models.  The calculation method of
AARE, PCC, and RE are shown below [42–44]:

AARE =
1
N

∑N

i=1

∣∣∣∣∣σei−σpi

σei

∣∣∣∣∣×100% (13)

PCC =

∑N
i=1 (σei−σe)

(
σpi−σp

)
√∑N

i=1(σei−σe)
2∑N

i=1

(
σpi−σp

)2
(14)

RE =
(
σei−σpi

σei

)
×100% (15)

σei σpi

σe σp

where  and  are  the ith  experimental  and  predicted
flow stress, respectively, and  and  are the average val-
ues  of  experimental  and predicted  flow stress,  respectively.
According  to  Eqs.  (13)–(15), Fig.  10 can  be  obtained.  The
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PCC  of  Arrhenius  constitutive  model,  modified  ZA  con-
stitutive  model,  and the  newly proposed constitutive  model
are 0.97412, 0.94847, and 0.98565, respectively. Moreover,
the AARE of the newly proposed constitutive model is with-
in 10%, which is lower than those of Arrhenius constitutive
model  and  modified  ZA  constitutive  model.  According  to
Fig. 10(a), the max RE of the Arrhenius constitutive model
exceeds 40%. It indicates the poor accuracy of the Arrhenius
model.  According  to Fig.  10(b),  the  minimum  RE  of  the
modified  ZA constitutive  model  exceeds −50%.  According

to Fig. 10(c), the RE of the new constitutive model is mainly
between −10%  and  +10%.  In  conclusion,  the  newly  pro-
posed constitutive model can better forecast the variations of
flow stress at various deformation parameters and deforma-
tion  passes.  Compared  to  the  Arrhenius  constitutive  model
and  modified  ZA  constitutive  model,  the  newly  proposed
constitutive  model  has  higher  prediction  accuracy.  Further-
more, the calculation process of those material parameters in
the newly proposed constitutive model is simpler and more
efficient.
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 3.3. Hot workability

 3.3.1. Analysis of power dissipation efficiency

Power dissipation efficiency (PDE, µ) is a parameter that

can  evaluate  the  efficiency  of  dissipating  energy  by  micro-

structure evolution. It can be calculated by Eq. (16) [45–46]:

µ =
2m

m+1
(16)

where m is  strain  rate  sensitivity  factor,  and  its  calculation
method is shown below [47–48]:

m =
∂lnσ
∂lnε̇

(17)

According to Eqs. (16) and (17), the variation of PDE de-
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pends on the strain rate, strain, and deformation temperature.
Therefore,  the  impacts  of  different  deformation  parameters
on PDE were analyzed, as shown in Fig. 11. Fig. 11(a) dis-
plays the variation of PDE at 1473 K. The PDE rises with the
increasing  strain  and  decreasing  strain  rate  during  the  first-
pass deformation, because there is ample time for DRX de-
velopment at a low strain rate and more strain storage energy
for DRX development at large strain. During the second-pass
deformation, the variation rule of PDE is complex. The PDE
grows with increasing strain rate at the beginning period of
second-pass deformation. As the deformation process contin-
ues,  the  PDE keeps constant  at  different  strain  rates.  When
the strain exceeds 0.82, the PDE reduces as the strain rate in-
creases.  Furthermore,  when  the  strain  increases,  the  PDE
rises at low strain rates and decreases at high strain rates.

The microstructures corresponding to the regions R1 and
R2 are selected to explore the causes of abnormal change in
PDE  during  second-pass  deformation,  as  displayed  in
Fig. 12. According to Fig. 12(a), the microstructure is com-
posed  of  coarse  and  equiaxed  grains  with  straight  grain
boundaries at the deformation parameters of 1473 K and 10
s−1. It indicates that the DRX can develop adequately, and the
grain growth occurs during the second-pass deformation. At
these  deformation  conditions,  the  DRX cannot  develop  ad-
equately during the first-pass deformation due to the short de-
formation time. So, the peak PDE is 29.4% during the first-
pass deformation, and it is not very high. There is much strain
storage energy within the experimental LAHS steel. During
the inter-pass soaking process, the metadynamic recrystalliz-
ation can develop sufficiently driven by the strain storage en-
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ergy, and the grains are refined [12,49]. During the second-
pass deformation, the fine grains can promote DRX develop-
ment, and the PDE is large at the initial stage of second-pass
deformation [50–51]. Adequate DRX development and grain
growth occur at larger strains. As a result, the PDE decreases
at  larger  strain  during  second-pass  deformation. Fig.  12(b)
displays the microstructure at the deformation parameters of
1473  K  and  0.01  s−1.  The  grains  are  coarse,  and  the  grain
boundaries  appear  serrated.  Besides,  there  are  a  few  fine
grains  inside  the  material.  It  suggests  that  secondary  DRX
occurs at these deformation conditions. When the strain rate
is low and the deformation temperature is high, the adequate
DRX process occurs during the first-pass deformation due to
the  sufficient  deformation  time  and  high  deformation  tem-
perature, and the PDE is high during the first-pass deforma-
tion.  DRX  grains  grow  up  at  high  temperatures  during  the
inter-pass soaking process, which is adverse for DRX devel-
opment in the subsequent  deformation process.  As a result,
the PDE is very low at the initial period of second-pass de-
formation, which means difficulty in DRX development. The
strain  storage  energy  increases  with  the  increasing  strain,
which can promote the development of secondary DRX. So,
the PDE increases as the strain rises during second-pass de-
formation. It can be concluded that the abnormal variations in
PDE with the strain and strain rate are attributed to the DRX
development.

Fig. 11(b) shows the variation of PDE at the strain rate of
1 s−1. During the first-pass deformation, the peak PDE occurs
at  1473  K.  During  the  second-pass  deformation,  the  peak
PDE corresponds to 1273 K. Because grain growth occurs at
higher  deformation  temperature,  it  is  difficult  for  the  DRX

development  at  lower  deformation  temperature. Fig.
11(c)–(f) displays the variations of PDE at different deforma-
tion temperatures and strain rates. It is the first-pass deforma-
tion when the strain is below 0.6. The deformation paramet-
ers corresponding to peak PDE shift from high deformation
temperature and low strain rate to low deformation temperat-
ure  and  low  strain  rate  with  increasing  strain.  Because  the
peak PDE corresponds to the deformation situation with the
most intense DRX process. At a strain of 0.8, the peak PDE
corresponds to the deformation parameters of 1226–1323 K
and 0.01–0.21 s−1, and the PDE is below 23.7% at higher de-
formation temperatures. At strain of 1.2, the peak PDE val-
ues  correspond to  deformation parameters  of  1213–1340 K
and 0.01–0.17 s−1 and 1435–1473 K and 0.01–0.09 s−1.  Ac-
cording to Fig. 12(b), there are both coarse and fine grains in-
side  the  experimental  LAHS steel  at  the  deformation  para-
meters of 1435–1473 K and 0.01–0.09 s−1. It is harmful to the
mechanical  properties.  According  to  the  above  discussions,
the  PDE  can  be  used  to  evaluate  the  DRX  process  well.
However,  the peak PDE does not always correspond to the
optimal  deformation  parameters  interval  during  the  multi-
pass deformation process. The PDE can only reflect the DRX
development at a specific strain, and cannot be used to evalu-
ate  the  overall  DXR  development  during  the  deformation
process. Therefore, the variation in grain size should be con-
sidered when optimizing processing parameters.

In order to better study the relationship between PDE and
microstructures,  regions  R3–R6  in Fig.  11(f)  are  chosen  to
analyze  the  microstructures,  as  displayed  in Fig.  12(c)–(f).
Region  R3  corresponds  to  the  deformation  parameters  of
1173 K and 10 s−1. At this deformation condition, the PDE is
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17.26%. It suggests that there is little energy for the micro-
structure evolution. According to Fig. 12(c), there are many
elongated grains and a few DRX grains, which is consistent
with PDE. Furthermore, elongated grains are in a certain dir-
ection, indicating that plastic instability is easy to occur [52].
Region  R4  corresponds  to  the  deformation  parameters  of
1173  K and  0.1  s−1,  and  the  PDE is  18.43%.  According  to
Fig. 12(d), the DRX process is incomplete, but the DRX de-
gree exceeds that of region R3. Region R5 corresponds to the
deformation  parameters  of  1373  K  and  0.1  s−1,  where  the
PDE is 25.64%. It is much higher than that of regions R3 and
R4. According to Fig. 12(e), complete DRX and grain growth
occur. Region R6 corresponds to the deformation parameters
of 1373 K and 1 s−1. At this deformation condition, the PDE
is  26.12%.  Also,  complete  DRX occurs  at  the  deformation
condition.
 3.3.2. Analysis of instability factor

In addition to PDE, the instability factor (IF) is also a val-
id indicator to study the workability of materials. According

to  the  reported  literature,  IF  can  be  calculated  by  Eq.  (18)
[53–54]:

ξ =
∂ln [m/ (m+1)]

∂lnε̇
+m (18)

ξwhere  is  IF.  When  the  IF  is  below zero,  flow  instability
may occur.

According to Eq. (18), the IF at various deformation para-
meters can be calculated, as depicted in Fig. (13). Fig. 13(a)
displays the variations of IF at the strains of 0.2–0.6. There is
no  instability  region  at  the  strain  of  0.2.  As  the  strain  in-
creases, the flow instability occurs at high strain rates. Com-
pared to the IF at the strain of 0.4, the IF at the strain of 0.6 is
smaller. It means that the more dramatic flow instability oc-
curs at larger strain. Fig. 13(b) shows the variation of IF at the
strains of 0.8–1.2. The variation rule of IF with strain during
the second-pass deformation is similar to that during the first-
pass deformation. At the strain of 1.2, the deformation para-
meters corresponding to instability regions are 1182–1320 K
and 0.28–10 s−1 and 1448–1473 K and 0.25–10 s−1.
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 3.3.3. Integrated processing maps

According to the above discussions, the PDE can be util-
ized  to  evaluate  DRX  development  at  a  specific  strain.
However, when multiple DRX occur within the material, the
PDE cannot optimize the processing parameters well. For ex-
ample,  the  coarse  grains  may  occur  at  these  deformation
parameters  corresponding  to  peak  PDE  in Fig.  11(a).  It
means that the peak PDE cannot be used to evaluate the hot
workability of the LAHS steel during the multi-pass deform-
ation  process.  In  the  study,  the  variations  in  grain  size  and
distribution  are  considered  when  optimizing  the  processing
parameters.  The  average  size  of  DXR  grains  and  overall
grains within the experimental LAHS steel is counted. As a
result, a new method for the optimization of processing para-
meters is proposed, and the hot workability can be evaluated
well by an integrated processing map, which considers the ef-
fects of PDE, IF, and distribution and size of grains.

The integrated processing map is displayed in Fig. 14. The
black contour lines represent the average size of DRX grains.
The  colored  contours  represent  the  average  size  of  overall
grains. The white contour lines represent PDE, and the grid
lines represent  IF.  When optimizing processing parameters,

the deformation parameters relevant to unstable zones should
be  excluded.  According  to Fig.  14,  there  is  no  intersection
between the interval of deformation parameters correspond-
ing  to  peak  PDE  and  IF.  As  a  result,  the  optimizing  pro-
cessing  parameters  are  deformation  parameters  of
1213–1340  K  and  0.01–0.17  s−1 and  1435–1473  K  and
0.01–0.09  s−1.  However,  according  to  the  average  size  of
overall  grains  and  DRX  grains,  these  grains  in  the  experi-
mental  LAHS steel  are  coarse  under  the  deformation  para-
meters of 1435–1473 K and 0.01–0.09 s−1. For the forming of
heavy  components,  coarse  grains  should  be  voided.  As  is
well  known,  grain  refinement  is  one  important  way  to  im-
prove the strength and ductility of alloys [55–57]. At the de-
formation  parameter  of  1213–1340  K  and  0.01–0.17  s−1,
there are partial regions corresponding to deformation para-
meters that the average size of DRX grains and overall grains
are not equal, which suggests that there is incomplete DRX
within  the  material.  Besides,  the  requirement  of  grain  size
number is 6–8 grade for the forgings. As a result, the optim-
ized  deformation  parameters  are  1223–1318  K  and  0.01–
0.08 s−1. The average grain size is 18.36–42.3 µm within the
optimized  processing  parameters.  According  to  the  above
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analysis, the integrated processing map can optimize the pro-
cessing  parameters  well.  Compared  to  the  traditional  pro-
cessing  map,  the  integrated  processing  map  can  be  used  to
optimize  the  processing  map  with  more  accurate  intervals.
Furthermore,  it  can  ensure  that  the  DRX  process  develops
adequately, no flow instability occurs, and grain size is uni-
form and fine.
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 4. Conclusions

In the study, the deformation behaviors of the experiment-
al LAHS steel are studied. The main conclusions are shown
below:

(1) The work hardening rate increases with the decreasing
deformation temperature and increasing strain rate during the
multi-pass deformation process. The work hardening rate of
the second-pass deformation is greater than that of the first-
pass deformation.

(2) A novel constitutive model, considering the coupling
impacts  of  deformation  parameters,  is  proposed  to  forecast
the flow stress of experimental LAHS steel during the multi-
pass deformation process. The newly proposed model shows
higher accuracy than that of Arrhenius model with a PCC of
0.98565.

(3) An integrated processing map is proposed to study the
hot workability of experimental LAHS steel during the multi-
pass  deformation  process,  which  considers  the  effects  of
PDE, IF, and distribution and size of grains.

(4)  The  optimized  deformation  parameters  are  1223–
1318 K and 0.01–0.08 s−1.  The average size of DRX grains
and  overall  grains  is  18.36–42.3 µm  within  the  optimized
processing  parameters,  which  can  meet  the  requirement  of
grain size number of 6–8 grade for the heavy forgings.
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