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a b s t r a c t

The increased adoption of martensite-containing advanced high strength steels, such as martensitic and

dual-phase steels, into automotive applications has led to concerns among practitioners with respect to

softening during rapid tempering cycles such as those experienced during laser welding. Past studies on

rapid tempering have successfully modeled the rapid tempering process; however, the activation

energies and softening rates calculated did not match the classic literature values associated with

martensite tempering. The present study examined rapid tempering data for a martensitic steel and

separated the softening process into two stages: carbide nucleation and carbide coarsening or growth.

The activation energies calculated for each process were found to be consistent with classic literature

values for diffusion controlled nucleation and growth of carbides during martensite tempering.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Automotive manufacturers are widely required by legislation to

improve vehicle fuel economy [1]. Among the solutions being

pursued to realize this objective is structural component weight

reduction by reducing steel sheet thickness. However, in order to

meet structural requirements while reducing material thickness,

automakers are replacing lower strength conventional steels with

higher strength advanced high strength steel (AHSS) grades such

as martensitic, dual-phase (DP) and transformation induced plas-

ticity (TRIP) steels [2].

AHSS derive their high strengths from complex microstruc-

tures comprising mixtures of various volume fractions of mar-

tensite, ferrite, bainite and retained austenite [3,4]. Although all

of these alloys exhibit an excellent strength–ductility balance,

they contain phases that decompose at higher temperatures. In

automotive assembly, this is observed in the tempered area of

weld heat affected zones (HAZ), where martensite and (if pre-

sent) retained austenite typically decompose during welding and

the local hardness and ultimate tensile strength decrease [5,6].

This phenomenon, known as HAZ softening, was first observed in

flash-butt wheel rim welding applications [7,8]. Since its initial

characterization, a number of authors have investigated HAZ

softening. Some early workers concluded that HAZ softening

was a strong function of the length of time the material

temperature was elevated [9–11]. In these studies, HAZ softening

was reduced by increasing the cooling rate after welding, thereby

reducing the overall time the weldment was at an elevated

temperature. Further work into this phenomenon has shown

that HAZ softening is also related to material chemistry and

initial microstructure. For example, the maximum HAZ softening

possible in DP steels has been shown to be linearly dependant

on martensite volume fraction [12] as the observed hard-

ness decrease was due to martensite decomposition whereas

no significant hardness changes were observed in the ferritic

matrix [13]. Other authors have shown that HAZ softening

kinetics are affected by alloy chemistry. For instance, increasing

the martensite C content has been found to increase the softening

rate [6]. Conversely, alloying with carbide forming elements

(e.g. Cr, Mo) has been shown to slow softening by either retarding

cementite precipitation or growth within the tempered marten-

site [6,14,15].

Limited work has been done on quantifying the effects of thermal

history, microstructure and steel chemistry on martensite softening

kinetics using rapid heat treatments consistent with those associated

with laser welding [16–18]. These studies used a characteristic

equation, such as the Johnson–Mehl–Avarmi–Kolmogorov (JMAK)

equation [19–22], to characterize the softening kinetics. In these cases,
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the softening kinetics were derived from a series of rapid isothermal

tempering experiments designed to allow for the calculation of the

tempering activation energy and rate exponent. Although these

studies did show that transient softening could be quantified and

predicted, the derived tempering activation energies and rate con-

stants did not agree with those of the classic martensite tempering

literature [16]. As it has been widely reported that martensite

tempering is responsible for HAZ softening [6,7,9–11,13,15,16,23], it

was expected that the activation energy for the softening process

would be approximately 80–123 kJ/mol, the activation energy for C

diffusion in ferrite [24,25], and the JMAK exponent would be approxi-

mately 0.67, the value associated with the precipitation of particles on

dislocations [26]. Instead, the activation energy and rate exponent

derived were approximately 28.3 kJ/mol and 0.10, respectively, for the

martensitic M220 alloy [16]. Biro et al. [16] suggested that this

disagreement was due to several processes being combined within

the rapid tempering data, namely: martensite tempering, cementite

precipitation and growth, ferrite recrystallization and grain growth.

Unfortunately, without a clear understanding of the underlying

processes responsible for HAZ softening, this process cannot be

modeled or predicted phenomenologically. Thus, the current study

will re-examine the data of Biro et al. [16] and expand the previous

rapid tempering study for the fully martensitic M220 steel in order to

more fully determine and decouple the metallurgical processes

responsible for softening during rapid tempering as applied to HAZ

softening in advanced steels.

2. Experimental methods

All experiments were carried out using an industrially fabri-

cated 1.8 mm thick M220 grade martensitic steel. The as-received

microstructure was produced via a continuous annealing line. The

M220 chemical composition and as-received hardness can be

found in Table 1. Microhardness traverses conducted on the sheet

cross-sections revealed that there were no significant hardness

variations across the sheet thick thickness.

All rapid tempering heat treatments were carried out using a

Gleeble 3500 (Dynamic Systems Inc., Poestenkill, NY, USA). Sam-

ples comprised 100 mm�12 mm coupons with the rolling direc-

tion parallel to the sample long axis. During tempering, average

sample heating and cooling rates were approximately 2200 1C/s

and 4100 1C/s, respectively. These heating and cooling rates

allowed the rapid tempering cycles to be considered isothermal,

as verified via a Hollomon-Jaffe analysis [27] of the thermal

profiles. Details of this analysis, with sample thermal profiles,

are provided in Appendix A. Experimental tempering times and

temperatures are listed in Table 2. However, it should be noted

that tempering times of 20 s and 50 s were used only for temper-

ing temperatures of 420 1C or less.

All microhardness measurements were made using a Vickers

indenter on metallographically prepared sample cross sections. In

all cases, a 500 gf load and 15 s dwell time were employed. Testing

locations were separated by at least three indentation widths in

accordance with ASTM E384-11 [28]. All microhardness data

presented are the average of at least 10 measurements taken

across the material thickness in order to account for any through-

thickness heterogeneity. Error bars on the microhardness mea-

surements represent the 95% confidence interval (CI) of the

average microhardness value. In cases where data are presented

without visible error bars, the 95% CI was smaller than the size of

the plot symbol.

The microstructures of selected samples were examined using

optical (OM) and scanning electron microscopy (SEM). In all cases

samples were sectioned, mounted, and polished using standard

metallographic methods. SEM samples were etched with 2% nital

and gold coated before imaging with a JEOL JSM-6460LV SEM

(JEOL Ltd., Tokyo, Japan) using an acceleration voltage of 20 keV.

Optical microscopy samples were etched with Marshall's reagent.

Grain size measurements utilized the linear intercept method [29].

All carbide equivalent diameters were measured from carbon

replicas from samples tempered at either 500 1C or 600 1C viewed

via transmission electron microscopy (TEM). Replicas were made

using standard methods, as described in [6], and were observed

using a Philips CM12 TEM (Royal Philips Electronics, Amsterdam,

The Netherlands) at an acceleration voltage 120 keV. Carbides

were identified manually and their equivalent circular diameter

determined using Clemex Vision – Professional Edition ver.

5.0.008e (Longueuil, Quebec, Canada) image analysis software.

Nomenclature

b Burger's vector length

CO initial concentration of solute atoms in the matrix

d particle diameter

d0 particle diameter at initial time t0
Dgb grain boundary diffusion coefficient

Do
gb pre-exponential factor for grain boundary diffusion

coefficient

DV volumetric diffusion coefficient

D0
V pre-exponential factor for volumetric diffusion

coefficient

G shear modulus

HBM as-received base material hardness

H instantaneous material hardness

H1 minimum material hardness

ΔH change in material hardness due to particle coarsening

k energy barrier to material softening (JMAK equation)

kD diffusion dependant constant

k0 fitting parameter for k

k1 geometric constant for grain boundary particle growth

L inter-particle spacing

m coarsening rate exponent

MT Taylor factor

n JMAK rate exponent

q conversion factor from Vickers hardness to yield

strength

Q activation energy

R universal gas constant

t time

t0 initial time for particle coarsening equation

T temperature

VM particle molar volume

δ grain boundary width

γ particle surface energy per unit area of interface

with matrix

ϕ softening parameter

Table 1

Chemistry (in wt%) and hardness of M220 experimental steel.

C Mn P S Si Cr Mo Base hardness

(HV)

Min hardness

(HV)

0.23 0.4 0.01 0.01 0.20 0.02 0.00 478.0 200.0
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In this case, the equivalent circular diameter is defined as the

diameter of a circle with the equivalent area of the measured

carbide. The carbide size distribution from each tempering cycle

was fit to a log-normal distribution to determine the average

carbide diameter and sample standard deviation. All carbide

diameters presented here represent the log-normal mean dia-

meter for a particular tempering cycle. A minimum of nine fields

were viewed per sample, with the number of carbides analysed

per sample ranging between 1200 and 2500.

3. Johnson–Mehl–Avrami–Kolmogorov softening kinetics

model

From past work it has been shown that softening in DP and

martensitic steels can be modeled using a sigmoidal curve starting

at the as-received alloy hardness and transitioning to a minimum

hardness as heat input, temperature or tempering time increase

[12]. By applying a simple normalizing transformation to the

hardness data, the softening progression, ϕ, can be determined

via [6,16]

ϕ¼
HBM�H

HBM�H1

ð1Þ

where HBM is the as-received (base material) alloy hardness, H is

the instantaneous measured hardness and H1 is the minimum

alloy hardness, defined as the hardness after a 1 h furnace heat

treatment at 650 1C. From this definition, ϕ progresses from 0 in

the as-received condition with no softening, to 1, where tempering

has been completed. In this form, the softening kinetics may be

modeled using the Johnson–Mehl–Avrami–Kolmogorov (JMAK)

equation [19–22]:

ϕ¼ 1�expð�ktnÞ ð2Þ

where t is time, n the reaction rate exponent and k the energy

barrier to softening as described by the Arrhenius equation:

k¼ k0exp �
Q

RT

� �

ð3Þ

where Q is the activation energy for softening, R the universal gas

constant, T is temperature and k0 a fitting parameter. Although the

JMAK equation was developed to describe the growth of a

daughter phase within a parent phase, it has been found to be

suitable for the modeling of softening data with some minor

modification [16]. In the case of the M220 steel used in this study,

the JMAK equation (Eq. (2)) was used successfully by the present

authors to model isothermal tempering hardness data [16]. How-

ever, the JMAK kinetics derived by Biro et al. [16] were not able to

accurately predict the low temperature (i.e. Tr400 1C) data added

to the data set (see Fig. 1).

4. Results

4.1. Tempering data analysis

Although the JMAK equation was used previously by the

present authors to successfully model M220 softening data, two

issues were identified with respect to its use in modeling HAZ

softening. Firstly, the values derived for Q and n (Eqs. (3) and (2))

were 28.3 kJ/mol and 0.10, respectively [16]; values significantly

lower than the established Q and n values of 80–123 kJ/mol [24]

and 0.67 [26], respectively, determined for martensite tempering

in the classic ferrous metallurgy literature. Secondly, the JMAK

model was unable to adequately model the low temperature

softening data. It was advanced that these discrepancies were

due to multiple processes occurring during tempering [16].

In order to determine if multiple processes occurred during

softening, which would affect the derived Q and n values [16] and

accurate prediction of low temperature softening, the softening

data were re-plotted as ln ½� lnð1�ϕÞ� versus lnðtÞ curves, as

presented in Fig. 2. By transforming eq. (2) in this manner, n and

k may be calculated directly from the slope and y-intercept of the

ln ½� lnð1�ϕÞ� versus lnðtÞ plot, respectively. From Fig. 2, it can be

seen that there are two distinct regions in the softening data, as

characterized by the significant change in the slope of the 360–

420 1C curves, suggesting that two distinct processes were operat-

ing for shorter and longer tempering times. These are referred to

as Stage I and Stage II softening in Fig. 2 and in the subsequent

discussion. A more detailed examination of Fig. 2 will reveal that

the slopes of the Stage I portions of the curves are approximately

parallel for all tempering temperatures as are the slopes of the

curves for Stage II, indicating that similar processes are operating

in each regime. In addition, the transition from Stage I to Stage II,

as characterized by the time of the curve knee points, decreases

significantly with increasing tempering temperature and was not

able to be experimentally captured for temperatures higher than

420 1C. This latter is consistent with softening being a thermally

driven process.

To determine the relationship between the two process

regimes highlighted in Fig. 2 and the microstructural evolution

of the samples as a function of tempering time, the microstruc-

tures of the as-received material and samples tempered at 400 1C

and 500 1C were viewed via the SEM. The as-received base

material comprised both non-tempered and tempered martensite

grains, indicating that the as-received material had undergone

some degree of autotempering during industrial thermal proces-

sing prior to welding (Fig. 3a). When tempered at 400 1C for times

of 1 s or less, the microstructures were quite similar to those of the

Table 2

Temperatures and times used for experimental rapid tempering heat treatments.

Temperatures Times

360 1C, 380 1C, 400 1C, 420 1C, 500 1C, 600 1C, 650 1C 0.2 s, 0.5 s, 1 s, 2 s, 5 s, 10 s, 20 s, 50 s

0.1 1 10 100 1000 10000

0.0

0.2

0.4

0.6

0.8

1.0

φ

Tempering Time (s)

 650°C [16]

 600°C [16]

 500°C [16]

 420°C

 400°C [16]

 380°C

 360°C

Fig. 1. Softening progress (ϕ) versus tempering time for experimental M220 alloy.
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base material, as can be seen in Fig. 3b and c. These observations,

combined with the kinetic data from Fig. 2, imply that the

martensite decomposition had not been completed for these

microstructures and that the tempering reaction was on-going.

In the classic tempering process sequence, this would correspond

to Stage 3 of tempering [25]. At longer times and higher tempera-

tures (Figs. 3c–g) the microstructures comprised tempered mar-

tensite with a significant population of carbides. These

observations and the change in slope observed for the softening

data in Fig. 2 suggest that carbide nucleation was complete and

that carbide coarsening or growth was underway. This corre-

sponds to stage 4 of the classic tempering sequence [25]. The

kinetics of each stage will be discussed separately in the

below text.

4.2. Stage I softening – carbide nucleation from martensite

From the analysis of Fig. 2, it was determined that the average

JMAK exponent (n) value for the 360–420 1C Stage I softening was

0.65970.003, which is in good agreement with the accepted

literature value of 0.67 for particle nucleation on dislocations [26].

To determine the activation energy for Stage I softening, an

Arrhenius plot (Fig. 4) was constructed using the k values derived

from the 360 1C to 420 1C short-time tempering data in Fig. 2.

From this construction, an activation energy, Q, of 11377 kJ/mol

was calculated. This value is in good agreement with the activation

energy for C diffusion in ferrite of 80–122 kJ/mol [24,25], which is

widely accepted as the dominant process in the initial stages of

martensite tempering.

It is interesting to note that the degree of softening (i.e.

ln ½� lnð1�ϕÞ�) value for the samples tempered at 360–420 1C

was approximately -1.15 at the curve knee point in Fig. 2, corre-

sponding to a ϕ value of 0.2770.05. Using a simple regression

model, it may be calculated that for samples tempered at 500 1C,

Stage I softening would be completed at approximately 0.06 s (see

Table 3). Timescales of this order are extremely difficult to capture

experimentally and explain the lack of a visible Stage I softening

from the experiments with tempering temperatures greater than

420 1C (see Fig. 2).

-3 -2 -1 0 1 2 3 4 5

-6

-5

-4

-3

-2

-1

0

1

2

Stage II Softening

ln
[-

ln
(1

-φ
)]

ln(t)

 650°C [16]

 600°C [16]

 500°C [16]

 420°C

 400°C [16]

 380°C

 360°C

Stage I Softening

Fig. 2. Logarithmic transformation of M220 softening data.

Fig. 3. SEM microstructures of the (a) as-received M220 and after tempering at 400 1C for (b) 0.2 s, (c) 1 s (d) 2 s and at 500 1C for (e) 0.2 s, (f) 1 s and (g) 2 s.
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4.3. Ferrite grain size

After the carbide nucleation stage was completed, Fig. 1 through

Fig. 3 show that the steel continued to soften through the martensite

decomposition process. This could be due to a combination of three

mechanisms: ferrite recrystallization, grain growth or softening asso-

ciated with carbide growth. To investigate whether ferrite grain

recrystallization or grain growth were significant factors in the soft-

ening process, a sample tempered at 500 1C for 0.2 s and a second

sample tempered at 600 1C for 10 s were compared to determine if

significant changes in the grain structure had occurred during the

tempering heat treatments. These microstructures are presented in

Fig. 5. Both samples exhibited a fine-grained, equiaxed microstructure

where the average grain size for the samples tempered at 500 1C and

600 1C were 3.170.1 μm and 2.570.2 μm, respectively. The signifi-

cantly smaller ferrite grain size of the sample tempered at 600 1C may

be attributed to recrystallization, as reported by Speich [30]. However,

it is believed that this slight reduction in grain size was not sufficient

to have contributed significantly to the hardness changes observed in

Fig. 1.

4.4. Stage II softening – carbide coarsening

From the above, it can be concluded that changes in the ferrite

grain structure did not contribute significantly to Stage II softening

(Fig. 2). From Fig. 3d–g and Fig. 5, it may be seen that these

microstructures exhibited large populations of carbides. These

carbides can block dislocation movement through a precipitation

hardening mechanism [31], the effectiveness of which is a function

of particle size and the inter-particle distance as described by the

Ashby–Orowan equation [32].

The carbides observed in the tempered M220 were identified as

cementite for all TEM replicas examined [16]. Average equivalent

cementite particle diameters were then plotted versus tempering time

for the two temperatures (Fig. 6), fromwhich it may be then seen that

mean diameter of the cementite particles in samples tempered at

600 1C grew more rapidly than those tempered at 500 1C.

Cementite coarsening was consistent with the trends observed

in the hardness data (Fig. 1), where particle size increased with

increasing time and temperature, leading to a drop in precipitate

density and decreased hardness. The contribution of carbide

coarsening to the overall sample hardness can be calculated using

a modified version of the Ashby–Orowan equation arising from

Guo and Sha [32]:

ΔH¼ 0:84
1:2GbMT

2πqL
ln

d

2b
ð4Þ

where ΔH is the change in hardness associated with precipitation

hardening, G is the ferrite shear modulus (81 GPa, [32]), b is the

Burgers vector (0.248 nm, [32]), MT is the Taylor factor (2.75, [32]),

q is the conversion factor between Vickers hardness and yield

strength (2.9 MPa/HV [33]), d the carbide equivalent diameter and

L the inter-particle spacing. The values of d and L were taken

directly from the carbide size measurements and may be found in

Table 4. The base hardness of the microstructure was assumed to

be 92 HV from the hardness of ferrite plus contributions from

solution strengthening alloying elements [34,35].

0.00140 0.00145 0.00150 0.00155 0.00160

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5
ln

 K

1/T (1/K)

Fig. 4. Arrhenius plot of k versus 1/T for Stage I softening data (Fig. 2) for samples

tempered between 360 and 420 1C.

Table 3

Time required to complete Stage I softening for tempering temperatures between

360 1C and 650 1C.

Temperature (1C) Tempering time (s)

360 26

380 9

400 3.5

420 1.4

500 0.055

600 0.0023

650 0.0006

Fig. 5. Optical microstructures of samples tempered at (a) 500 1C for 0.2 s and

600 1C for 10 s. Examples of ferrite grains are outlined.
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The influence of cementite particle size on hardness was

calculated using Eq. (4) for samples tempered at 500 1C as the

carbide size data for samples tempered at 600 1C was too noisy for

a confident evaluation of its effect (Fig. 6). When the calculated

hardness due to carbide coarsening was compared to the mea-

sured hardness values for samples tempered at 500 1C, it can be

seen that predictions followed the softening trend reasonably well

(Fig. 7). The average error from this prediction was 11%, which is

reasonable considering the wide size distribution of the cementite

particles measured. The agreement between the precipitation

hardening model and the measured hardness values suggest that

carbide coarsening dominated Stage II softening.

Although Stage II softening largely arises from interactions between

the ferritic matrix and carbide coarsening during tempering, the

kinetic parameters k and n may still be used to characterize the

softening progression (Fig. 2). Using the analysis employed for Stage I

softening, the average n value for carbide coarsening was determined

to be 0.10870.001. Using the Stage II k data from Fig. 2 and the

Arrhenius plot presented in Fig. 8, it was determined that the

activation energy for the carbide growth process was 3574 kJ/mol.

These values are in reasonable agreement with the values previously

calculated for the entire softening process (28.3 kJ/mol and 0.10 [16]),

which is not surprising as the majority of the data used to fit the JMAK

parameters in [16] originated from the carbide coarsening stage.

5. Discussion

Decoupling the carbide nucleation and coarsening processes from

the overall softening process revealed the reasons for the activation

energy (Q) and JMAK exponent (n) of the combined softening

processes in [16] not agreeing with the classic literature values for

martensite tempering. As was shown in Fig. 2 through Fig. 4, when the

carbide nucleation process (Stage I in Fig. 2) was separated from the

overall softening process, the calculated activation energy (113 kJ/mol)

and JMAK exponent (0.67) agreed well with the classic literature

values for martensite tempering. From this, it can be concluded that

Stage I softening of the present martensitic steel can be characterized

as being equivalent to stage 3 (i.e. nucleation of cementite) of the well-

established martensite tempering process [25].

A similar procedure applied to the Stage II portion of the tempering

data in Fig. 2 determined that the activation energy (Fig. 8) and JMAK

exponent for the carbide growth process were 3574 kJ/mol and

0.10870.001, respectively. However, it must be acknowledged that an

inspection of these values would seem to be at odds with the rate

controlling processes for carbide growth, in this case the diffusion of C

and self-diffusion of Fe. To resolve this seeming inconsistency, cemen-

tite growth kinetics need to be established.

5.1. Carbide growth during Stage II softening

Particle growth kinetics have been modeled by Lindsley and

Marder [36] such that

d¼ kDt
m ð5Þ
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Fig. 6. Average carbide diameters measured from M220 samples tempered at

500 1C and 600 1C with tempering times between 0.2 and 10 s.

Table 4

Cementite equivalent diameter and densities with associated inter-particle distance

and ΔH from samples tempered at 500 1C.

Tempering

time (s)

Diameter

(nm)

Particle density

(nm�2)

Inter-particle

distance (nm)

Calculated

ΔH (HV)

0.2 2.97 1.72E-03 24.1 258

1 3.64 1.84E-03 23.3 309

2 5.00 6.13E-04 40.4 200

5 6.04 3.69E-04 52.0 166

10 7.23 3.68E-04 52.1 182
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Fig. 7. Comparison between the measured hardness from samples tempered at

500 1C and the hardness predicted by the modified Ashby–Orowan model [32].
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Fig. 8. Arrhenius plot of k versus 1/T for Stage II softening data (Fig. 2).
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where d is the particle equivalent diameter, kD is the diffusion

dependent constant and m is the coarsening exponent, which

depends on the dominant coarsening mechanism (i.e. m¼0.2 for

dislocation pipe diffusion, 0.25 for grain boundary diffusion and

0.33 for volumetric diffusion). By applying Eq. (5) to the particle

growth data in Fig. 6, it was observed that the dominant diffusion

mechanism changed between samples tempered at 500 1C and

600 1C. When tempering at 500 1C, m was found to be 0.2570.02,

indicating that grain boundary diffusion was the dominant growth

mode. However, at 600 1C, m was determined to be 0.2970.05,

indicating that cementite growth was due to a combination of

grain boundary and volumetric diffusion. The effects of these

different diffusion mechanisms on the microstructural evolution

of the tempered martensite may be seen in Fig. 9, where cementite

within the samples tempered at 500 1C formed primarily on the

martensite block and lath boundaries, whereas in the samples

tempered at 600 1C, cementite grew on the lath and block

boundaries as well as throughout the bulk grains. The observation

that the cementite growth mechanism can change with tempering

temperature is consistent with the results of Bannyh et al. [37],

who also observed a progression from grain boundary to volu-

metric controlled diffusion when increasing the tempering tem-

perature for a 0.83% C martensite. However, it should be noted that

there is varied opinion in the literature on the mechanisms

controlling cementite growth during martensite tempering. For

example, Nam and Bae [38] found evidence of bulk, grain bound-

ary, and dislocation pipe diffusion when analysing cementite

growth of a 0.45% C martensite alloyed with Mn and Si after

tempering at 700 1C. Similarly, Lindsley and Marder [36] found

that cementite growth was controlled by a combination of grain

boundary and pipe diffusion for various martensite chemistries

with C contents ranging from 0.20–1.39% tempered at 690 1C.

Conversely Das et al. [39] found that bulk diffusion was the sole

mechanism responsible for cementite growth in Mn and Si-

containing martensites with between 0.34% and 0.68% C tempered

at 588 1C, 657 1C, and 680 1C. However, in spite of the disagree-

ments on the operative mechanisms, the present results fit within

the observations of other studies and are believed to be applicable

for the present alloy chemistry and rapid tempering thermal cycles

employed in this study.

As it was observed that cementite grew by both bulk and grain

boundary control, the rate of each growth mechanism must be

understood. Volumetric diffusion controlled particle coarsening

kinetics have been described by Lifshitz and Slyozov per [40]

d
3
�d

3
0 ¼

64γDVC0Vm

9RT
ðt�t0Þ ð6Þ

where d is the particle diameter at time t, d0 the particle diameter

at time t0, γ the surface free energy of the precipitate per unit area

of precipitate-matrix interface, C0 the equilibrium concentration of

solute atoms in the matrix, Vm the molar volume of the precipitate

and Dv the volumetric diffusion coefficient. Speight [41] described

grain boundary diffusion controlled particle growth by

d
4
�d

4
0 ¼

64γDgbC0Vmδ

3k1RT
ðt�t0Þ ð7Þ

where Dgb is the grain boundary diffusion coefficient, δ the grain

boundary thickness and k1 a geometric constant.

5.2. Correlation between activation energies of carbide growth and

softening

As it was shown, above, that Stage II softening was due to

cementite growth, it is logical to believe that the activation energy

of softening is correlated to the activation energy for carbide

growth. However, as the diffusion mechanism(s) controlling

particle growth changed with tempering temperature, the activa-

tion energy could not be calculated using a conventional Arrhenius

plot. For this reason, literature values were used. Although

cementite grows through diffusion of both C and Fe, the control-

ling process rate is the self-diffusion of Fe [42] because of its

higher activation energy, where the activation energies for bulk

and grain boundary self-diffusion of Fe are 234 kJ/mol [43] and

363 kJ/mol [44], respectively. Both of these activation energies far

Fig. 9. Martensite tempered at (a) 500 1C for 1 s and (b) 600 1C for 0.5 s.
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Fig. 10. Softening progress (ϕ) versus cementite particle diameter for samples

tempered at 500 1C.
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exceed the measured activation energy of 3574 kJ/mol for Stage II

softening. However, it must be remembered that the correlation

between mean cementite diameter and softening (ϕ) is non-linear,
which would have an effect on the apparent activation energy for

the softening process.

To determine how the activation energies for Fe self-diffusion

relate to the apparent activation energy for softening, it must first

be understood how the softening progression (ϕ) varies with

particle diameter (d). After determining how ϕ changes with d,

correlating ϕ to time may be done through Eqs. (6) and (7) and the

activation energy calculated per the methodology used in

Sections 4.2 and 4.4. Since Eq. (4) relates hardness both to ln d

and the reciprocal of L, both of which increase as d decreases, it

was decided that a more direct way to correlate ϕ to d could be

obtained by plotting ϕ versus d, as shown in Fig. 10. From this,

it can be seen that ϕ increases as a power function of particle

diameter such that

ϕ¼ 0:39d0:26
ð8Þ

By substituting Eqs. (6) and (7) into d in Eq. (8), ϕ may be

calculated as a function of time. For this calculation γ was taken

to be 2.48�10�5 J/cm2 [42], Vm¼24 cm3/mol [45], δ¼5�10�8 cm

[44], and k1¼5�10�8 (which was chosen such that the mean

cementite particle size matched the observed experimental values

from this study). Both Dgb and DV had Arrhenius forms where the

activation energies, Q, matched the values listed above and the

pre-exponential factors Do
V and Do

gb were 1.51 cm2/s [43] and

6.97�105 cm2/s [44], respectively. Calculating ϕ from cementite

growth results in apparent activation energies for Stage II soft-

ening of 24 kJ/mol and 35 kJ/mol (see Fig. 11 and 12) when

cementite growth is driven by bulk and grain boundary diffusion,

respectively. These values match the measured activation energy

for Stage II softening of 3574 kJ/mol determined in the present

study. When it is considered that the dominant diffusion mode

was grain boundary diffusion, the low activation energy deter-

mined for Stage II softening was likely due to the non-linear

relationship between d and ϕ.

5.3. Correlation between rate constants of carbide growth and

softening

As with the correlation between the activation energies asso-

ciated with cementite growth and softening, the correlation

between the JMAK exponent, n (Eq. (2)), and the time exponent

for particle coarsening, m (Eq. (5)) is not clear. To determine this

relationship, it is best to simplify the relation between ϕ and d

using Eq. (8). By substituting the appropriate form of d from Eq. (5)

for the 500 1C and 600 1C particle data into Eq. (8), the time

exponent for ϕwould be 0.065 for the samples tempered at 500 1C

and 0.075 for the 600 1C samples. However, in case of the JMAK

equation (Eq. (2)), time is an exponential variable and is not easily

isolated analytically. Thus, Eqs. (2) and (8) were equated and n

determined using non-linear regression. This technique yielded a

JMAK equation n value of 0.11270.001. This agrees well with the

value of the JMAK exponent calculated from the hardness data

during carbide coarsening (i.e. 0.10870.001) and shows how the

non-linear relation between ϕ and d as well as the exponential

form of the JMAK equation changes the rate constants from those

expected from Eq. (5).

5.4. Applying the phenomenological model to softening predictions

during rapid tempering

The overall conclusion of this study is that decoupling the

short-time/lower temperature (i.e. Stage I, Fig. 2) carbide nuclea-

tion process from the longer-time/higher temperature carbide

coarsening process (i.e. Stage II, Fig. 2) allowed for the derivation

of JMAK parameters for rapid martensite tempering consistent

with the existing classic literature C-diffusion controlled models

for martensite tempering. However, in most practical cases of

rapid high temperature tempering, such as weld heat affected

zone softening, the softening process can be efficiently modeled

using kinetic parameters derived from the coupled process due to

the dominant role carbide coarsening plays in this processes.

However, it should be noted that in cases where rapid tempering

takes place at low temperatures (i.e. Tr400 1C) for short times,

the carbide nucleation stage must be taken into account in the

softening model because this will occur over a significant portion

of the tempering cycle when tempering on the order of seconds or

tens of seconds. This explains the poor fit between the predicted

and actual ϕ values for the softening data in Fig. 1 for tempering

temperatures of 400 1C or lower.
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6. Conclusions

This study examined the softening observed in a martensitic

M220 steel during rapid tempering to resolve the disagreement

between the activation energy and time exponent calculated by

Biro et al. [16] with the widely accepted classic C-diffusion

controlled mechanism of martensite tempering. It was found that:

1. The softening process could be broken down into two sub-

processes: carbide nucleation and carbide coarsening. These

processes were separated within the overall softening data by

transforming the softening versus time data.

2. The carbide nucleation stage occurred very quickly and was

experimentally observed only for relatively short tempering

times and for tempering temperatures of less than 420 1C. The

activation energy and time exponent for carbide nucleation,

calculated from the hardness data, were determined to be

11377 kJ/mol and 0.65970.003, respectively, matching the

classic literature values for the activation energy for C diffusion

in ferrite (80–120 kJ/mol) and particle growth on dislocations

(0.67) widely accepted for martensite tempering.

3. The apparent activation energy and time exponent calculated

for the carbide coarsening stage of softening were 3574 kJ/

mol and 0.10870.001, respectively. These values did not match

the classic literature values for the activation energy and time

constant of 234 kJ/mol and 0.33 or 363 kJ/mol and 0.25 when

cementite growth is dominated by volumetric and grain

boundary diffusion, respectively.

4. The apparent activation energy associated with the carbide

coarsening stage was determined to be an artefact of the

non-linear relationship between the particle diameter

growth kinetics and the self-diffusion of Fe, which is the

controlling mechanism for cementite growth. When the

apparent activation energy of Stage II softening was calcu-

lated using the softening resulting from cementite growth

due to grain boundary and bulk diffusion, the resulting

activation energy matched the activation energy calculated

from experimental data.

5. The low time exponent associated with the carbide coarsening

stage was due to the non-linear relation between the softening

parameter (ϕ), cementite particle diameter and the exponen-

tial form of the JMAK equation.

6. Although this work revealed that there are two separate

processes occurring when softening during rapid tempering,

it is believed that in most cases softening during rapid

tempering may be modeled using a kinetic model dominated

by the carbide coarsening process as this process dominates at

practical timescales and higher welding heat inputs. However,
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in the case of short-time tempering at temperatures of 400 1C

or less, the carbide nucleation stage must be taken into account

in order to predict softening.
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Appendix A. Verification of use of isothermal tempering

assumption

The use of the isothermal tempering assumption in the

modeling was verified via a Hollomon-Jaffe [27] analysis of the

tempering damage arising from rapid tempering cycles. Examples

of typical short isothermal hold time thermal cycles employed in

the Gleeble simulations – 450 1C for 0.2 s and 450 1C for 0.5 s – are

shown in Fig. 13(a,b), respectively.

The relative contributions of the heating versus isothermal

portion of the Gleeble simulation thermal cycles (Fig. 13(a,b)) on

tempering damage was determined by calculating the tempered

hardness of the material after tempering at 420 1C and 650 1C

using two models for the thermal cycle: (i) a thermal cycle that

comprised only the isothermal tempering temperature and time –

i.e. a rectangular thermal profile and (ii) a thermal cycle compris-

ing the heating portion of the cycle and the isothermal tempering

temperature and time. Isothermal tempering times for the 420 1C

and 650 1C data ranged from 0 s. (i.e. heating only without an

isothermal hold) to 50 s. The effect of heating time on tempering

damage was accounted for using the temperature domain method

[18], where an equivalent isothermal tempering time at the peak

tempering temperature arising from the heating portion of the

tempering thermal profile was determined and added to the actual

isothermal holding time at the peak tempering temperature. The

tempered hardness was calculated using the experimental hard-

ness data presented in Fig. 1 and Hollomon–Jaffe tempering

parameter [27]. The results of this analysis are presented in

Fig. 13(c). To simplify the presentation of these calculations, the

predicted isothermal tempered hardness was approximated by a

third-order polynomial fit (R2¼0.975). By overlaying the predicted

hardness values of the tempering cycles accounting for and

discounting the heating portion of the thermal cycles (Fig. 13(c)),

it can be seen that there was no significant effect of excluding the

heating portion of the cycle on the hardness, thereby validating

the isothermal tempering assumption in the present analysis.
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