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Induction heating has permitted great progress in the surface hardening of a wide variety of steels, but
results in a wide range of local thermal cycles. The metallurgical changes during rapid heating and cooling
have not been sufficiently studied with respect to heating rate and prior microstructure. In the present
investigation, induction dilatometry was performed on 5150 steel with ferrite-pearlite and tempered
martensite initial microstructures to assess effects of experimentally controlled prior microstructure and
heating rate on austenitization kinetics. Heating rates were varied from 0.3 to 300 �C/s to simulate
industrial processes, and post-hardening metallography and hardness testing were performed. Results show
that the transformation kinetics for prior ferrite-pearlite microstructures are significantly slower than for
prior tempered martensite microstructures, although hardness is equivalent for a given thermal cycle.
Metallographic evidence suggests significant remnant segregation of chromium in regions of pearlitic
cementite (enriched); evidence of segregation was not observed metallographically for prior tempered
martensite. Diffusion-based transformation simulations support observed ferrite-pearlite alloy segregation,
suggest residual alloy segregation is possible for prior tempered martensite, and can be used to tailor
austenitization thermal cycles to process requirements. Detailed time and temperature-dependent local
microstructure development results from this study are directly applicable to practical induction hardening
simulations.

Keywords austenitization, dilatometry, heating rate, induction
heat treatment, steel, 5150

1. Introduction

Heat treatments to produce through-hardened 5150 steel
entail austenitizing near 830 �C and oil quenching. Expected
hardness is 55-60 HRC with slightly higher hardness possible
at maximum specified carbon levels (Ref 1). Through-hardening

heat treatment times are designed to ensure sufficient time at
temperature, and are thus relatively insensitive to prior
microstructure. However, when 5150 is induction hardened,
high heating rates result in significant prior microstructure
effects (Ref 2, 3).

Induction heat treatments to produce surface hardening
generate a wide variety of heating rates as a function of
location. Therefore, detailed assessments of microstructural
development as a function of heating rate and prior micro-
structural scale are critical. Most previous induction heat
treatment studies have not quantitatively characterized prior
microstructure and correlated results with measured heating
rate. As a result, induction heat treatments and hardening
processes are often designed based on experience and consid-
erable experimental validation. For example, 5150 in the hot
rolled (HR) condition is commonly subjected to a quench and
temper (QT) prior to induction hardening. The prior QT
treatment is said to reduce the required austenitizing temper-
ature, improve case depth, increase maximum surface and
average core hardness, raise the hardness slope in the case-core
transition zone, improve compressive residual stresses, enhance
repeatability, and remove microstructural banding (Ref 4).
However, this extra heat treatment step may not always be
necessary, and effects of the extra heat treatment on the above
factors are not easily determined.

Ultimately, induction heat treatment design would be
enhanced with a model that correctly correlates local time-
temperature profiles with accurate microstructural development
information, which would enable prediction of local material
condition as a function of location. With such predictions,
optimized induction heat treatments could be developed in
short times to minimize processing and achieve tailored and
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desirable final properties. The present study works toward this
goal by evaluating the heating rate dependent response of HR
and QT starting microstructures to provide microstructural
development data as a function of heating rate for an induction
hardening heat treatment.

2. Experimental Procedures

Table 1 presents measured and specified (Ref 5) composi-
tions of the experimental material, with HR and QT starting
microstructures shown in Fig. 1. The HR material is pearlite
and ferrite with a hardness of 99 HRB. The QT material was
produced by furnace heat treating HR material in the following
fashion: austenitize for 1 h, oil quench, and temper for 1 h at
550 �C (37 HRC). Initial microstructural characteristics were
measured, and are presented in Table 2 (Ref 6).

Induction dilatometry was performed on cylindrical samples
10 mm long and 3 mm diameter, using constant heating rates of
0.3, 3.0, 30, and 300 �C/s to a maximum temperature from 750
to 1200 �C in 25 �C increments. Heating was immediately
followed by helium gas quenching to room temperature,
achieving cooling rates of 250 �C/s (1100-800 �C) and

125 �C/s (800-500 �C). Transformation temperatures were
determined from the dilation-versus-time data using a 0.0001
strain offset (Ref 7).

Final microstructures were evaluated using light optical
(LOM) and scanning electron microscopy (SEM). The cylin-
drical dilatometer samples were mounted with the polish plane
parallel to the longitudinal axis, then ground and polished to the
axial center plane. Knoop (500 g) microhardness tests were
performed according to ASTM E384 (Ref 8) and used to
determine bulk hardness; reported Rockwell C (HRC) values
were determined using ASTM E140 (Ref 9).

3. Results and Discussion

3.1 Dilatometry

Representative dilation strain versus temperature plots are
presented in Fig. 2. Dilation response is highlighted in
Fig. 2(a): on-heating (solid arrow) through Ac1 and Ac3 to
the maximum temperature, followed by immediate quenching
(dashed arrow) through Ms to room temperature. Devia-
tions from the linear thermal contraction between maximum

Table 1 Measured and specified bulk composition of 5150 steel, wt.%

Element C Mn Cr P S Si Ni Mo Cu Al

Tested material 0.52 0.85 0.80 0.011 0.020 0.26 0.10 0.03 0.25 0.028
ASTM A322-07 (Ref 5) 0.48-0.53 0.70-0.90 0.70-0.90 0.035 max. 0.040 max. 0.15-0.30 0.25 max. 0.06 max. 0.35 max. …(a)

(a) Killed steel is required

Fig. 1 Initial microstructures of the 5150 HR (a, b) and QT (c, d) materials. (a, c) optical, (b, d) electron micrographs
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temperature and Ms indicate formation of non-martensitic
transformation products (NMTP), including ferrite, pearlite,
and/or bainite. With respect to induction hardening heat
treatments, dilation response shows the effect of heating rate
on austenite formation kinetics via Ac1 and Ac3, and can give
evidence of the as-quenched austenite condition by showing
substantial NMTP formation (low local hardenability) and
giving Ms (primarily a function of austenite carbon content;
Ref 10).

Figure 2(a) and (b) show the increase of Ac1 and Ac3 with
increasing heating rate for the HR and QT material, respec-
tively. Dilatometrically, no evidence of NMTP is found
on-cooling, indicating sufficient local hardenability, and no
systematic variation in Ms temperature with maximum temper-
ature is found to imply a correlation with average austenite
carbon content.

Figure 3(a) presents average Ac1 and Ac3 temperatures for
the HR and QT material, respectively. Transformation temper-
atures increase with heating rate, and are higher for HR material
in all cases. Figure 3(b) presents an (Fe + Alloying Elements)-
C isopleth phase diagram calculated with Thermo-Calc�,
indicating Ae1 at approximately 730 �C. Ae1 is shown with a
dashed line in Fig. 3(a), demonstrating that Ac1 for the HR and
QT material is near the equilibrium value for a 0.3 �C/s heating
rate. Figure 3(c) indicates increasing heating rate has a greater
effect on transformation temperatures for HR material than for
QT material. Increasing heating rate also has a greater effect on
Ac3 than on Ac1. At 300 �C/s, Ac3 for the HR material is 40 �C
higher than for the QT material, suggesting significantly slower
austenitization kinetics.

3.2 Hardness

The primary goal of an induction hardening heat treatment is
to produce hardened material, so as-quenched hardness was
measured. Figure 4 presents hardness versus maximum tem-
perature plots for HR and QT materials as a function of heating
rate. For all heating rates, hardness increases with maximum
temperature, and reaches a plateau of 60-61 HRC at a heating-
rate-dependent threshold temperature. Neither HR nor QT
materials show significantly higher maximum hardness. No
quench cracking was found, except in material heated to
1200 �C at 0.3 �C/s.

For 300 �C/s cycles, 875 �C is required to achieve maxi-
mum hardness. Below 875 �C, hardness for 300 �C/s cycles is
lowest for a given maximum temperature. When heated at
0.3 �C/s, maximum hardness is reached at 825 �C. Since

martensite hardness is predominantly a function of carbon
content (Ref 11), hardness results suggest that, although
austenite formation may be complete at much lower temper-
atures (Ac3 temperatures for HR and QT at 300 �C/s are 840 and
800 �C, respectively), the austenite does not attain maximum,
homogenously distributed carbon concentration until higher
temperatures are reached. Based on hardness alone, the HR and
QT materials appear to have a similar response for a given
thermal cycle. Other factors, such as residual compressive
stress levels at the surface of a real component, may result in
higher measured surface hardness for prior QT steels. Separa-
tion of critical variables is imperative to understanding and
simulating induction hardening heat treatments.

3.3 Microstructure

Although hardness results were similar, microstructural
evaluation after quenching revealed significant differences in
the heat treatment response of the two initial microstructures.

After induction heat treatment, all prior QT samples (not
presented here) consisted of homogenous martensite, with fine

Table 2 Microstructural measurements of 5150 HR
and QT materials

Microstructural
parameter 5150 hot rolled

5150 quench
and tempered

Pearlite
Lamellar spacing 0.21 lm
Colony size 7.2 lm
Carbide volume fraction 0.084

Proeutectoid ferrite
Ferrite grain size 2.4 lm
Ferrite volume fraction 0.076

Tempered martensite
Carbide size 0.12 lm
Carbide volume fraction 0.077

Fig. 2 Dilation vs. temperature curves for the 5150 (a) HR and (b)
QT initial microstructures for indicated heating rates to a maximum
temperature of 1000 �C
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tempered carbides (lower maximum temperatures) or carbide-
free martensite (higher maximum temperatures). Cr and Mn
slowed tempering kinetics of the initial microstructure, pro-
ducing small, low-alloy carbides (Ref 11). The degree of prior
tempering was not varied here, but changing tempering time-
temperature combinations will change subsequent transforma-
tion kinetics.

The prior HR samples, however, revealed details of pearlitic
carbide dissolution and proeutectoid ferrite transformation,
providing insight into the austenitization process. Figure 5(a)-
(c) present microstructures of samples heated at 30, 3, and
0.3 �C/s to 750 �C, just below, at, and just above Ac1 for each
respective heating rate (see Fig. 3a). Hardnesses are 23, 23, and
57.5 HRC, respectively. As expected, the 30 �C/s condition
shows no evidence of austenite formation, Fig. 5(a). The 3 �C/s
heat treatment shows some change in pearlitic carbide appear-
ance, Fig. 5(b), but no hardness increase suggests no significant
austenite formation. The 0.3 �C/s treatment produces martens-
ite in prior pearlite regions and leaves much of the proeutectoid
ferrite untransformed, Fig. 5(c). It has been shown that
austenitization of ferrite-pearlite microstructures initiates in
pearlite, followed by transformation of the proeutectoid ferrite
regions (Ref 12). Some ferrite regions appear to have
substructure that may indicate low-alloy, low hardenability

austenite was formed, and produced NMTP upon quenching
(not detectable by dilatometry). Souza et al. (Ref 13) identified
differential localized regions of hardenability due to Mn
concentration variations.

Figure 6 presents micrographs of HR material heated at
30 �C/s to 775 �C, approximately 12 �C above Ac1 (57 HRC).
Figure 6(a) shows the majority of pearlite has transformed to
austenite (now martensite), leaving some untransformed pearl-
ite and proeutectoid ferrite, similar to Fig. 5(c). Transformation
of pearlitic ferrite to austenite appears to proceed faster than
dissolution of pearlitic cementite, which remains in the now
martensitic regions in Fig. 6(b). Cementite remnants in mar-
tensite have previously been referred to as ‘‘pearlite ghosts’’
(Ref 14), and have been reported for induction hardened 5150
(Ref 15).

Figure 7 presents evidence of cementite remnants up to
1000 �C (arrows) for 300 �C/s treatments. While evidence at
1000 �C is subtle, apparent cementite remnants at 925 �C are
50 �C above the maximum hardness threshold temperature,
which suggests full dissolution of carbides and maximum
austenite carbon content. A possible explanation for cement-
ite remnants after high temperature heat treatment is that
Cr previously partitioned to pearlitic carbides did not
diffuse sufficiently, which generates slightly different etching

Fig. 3 (a) Summary of average Ac1, and Ac3 temperatures from dilatometry for the HR and QT initial microstructures. (b) ThermoCalc�

(Fe + M)-C isopleth for the experimental 5150 composition. (c) Temperature difference (HR-QT) between the Ac1 and Ac3 temperatures for each
tested heating rate
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responses in high and low concentration regions, even
though carbides were fully dissolved. Note that Mn or other
alloying elements do not alter etching response like Cr, and
may also have concentration gradients. Longer heat treat-
ments may be necessary to eliminate segregation, because
increasing temperature can promote austenite grain growth
(Ref 15).

After austenite formation from prior ferrite, retained carbide
dissolution is not controlled by carbon diffusion, but substitu-
tional diffusion at interfaces, resulting in substitutional alloy
gradients (Ref 14, 16). Previous induction hardening results
(Ref 15) confirm remnant pearlite in 5150, but not in 1550 (no
Cr). Similarly, no evidence of remnant pearlite was found in
1045 steel (no Cr), even after fast heat treatments only slightly
above Ac1 (Ref 17). No evidence of remnant pearlite is shown
in Fig. 5(c) (0.3 �C/s to 750 �C), suggesting sufficient time for
carbide dissolution and Cr diffusion and confirms that longer
thermal cycles are less sensitive to prior microstructure and
high temperature may not be necessary. It is unknown how
prior QT treatments affect alloy segregation, but they are
unlikely to eliminate composition gradients. Effects of chemical
segregation on product performance are not currently under-
stood, and may be especially important for fatigue initiation or
wear performance. Bulk chemical banding could also affect
local properties, as it is reported (Ref 18) that Mn-rich pearlite
bands have finer carbides and thus form austenite first, and
would result in finer areas of segregation in Mn-rich bands and
coarser areas in Mn-lean bands.

3.4 Transformation and Diffusion Simulations

Figure 8 shows results from simulations using DICTRA�,
based on initial HR microstructural measurements and assum-
ing local equilibrium. The starting condition with Cr and Mn
partitioned to carbide and austenite has been previously
documented (Ref 19, 20). The initial partitioned conditions
were calculated using Thermo-Calc�.

Fig. 4 Rockwell C hardness vs. maximum temperature for each
heating rate. (a) HR and (b) QT initial microstructures

Fig. 5 Final microstructures of 5150 HR samples heated to 750 �C
at (a) 30, (b) 3, and (c) 0.3 �C/s followed by immediate He quench-
ing. Electron micrographs. M, martensite; F, ferrite; NMPT, non-mar-
tensitic transformation products
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First, simulations were completed to predict diffusion of
alloying elements from cementite lamellae in pearlite, assuming
pearlitic ferrite has transformed to austenite. Figure 8(a)-(c)
show predicted distributions of C, Cr, and Mn for 300 �C/s heat
treatment. They also show that very little carbide is predicted to
remain at 1035 �C (i.e., at 1 s), but there would still be
significant Cr and Mn segregation. Carbon is nearly evenly
distributed in the austenite at all times.

Next, simulations of the proeutectoid ferrite regions, which
are last to transform to austenite, were performed. Figure 8(d)-

(f) show results of calculations of proeutectoid ferrite transfor-
mation, assuming that prior pearlite regions are fully austen-
itized. These calculations also predict significant segregation of
chromium and manganese with relatively flat carbon distribu-
tions. Significant segregation of Cr and Mn may affect the local
properties, such as hardenability and corrosion resistance, and
further work should be done to examine the practical consid-
erations of this effect. Austenite-ferrite diffusion couple
calculation results (presented in Fig. 8d-f) also give predictions
for ferrite fraction as a function of time, and are shown in

Fig. 6 Final microstructure of the 5150 hot-rolled material after heat treating at 30 �C/s to 775 �C followed by immediate He gas quenching.
Electron micrographs. M + C, martensite and cementite; F + NMPT, ferrite and non-martensitic transformation products; P, pearlite

Fig. 7 Final microstructures of the HR material after heat treatment at 300 �C/s to (a) 825 �C, (b) 925 �C, (c) 975 �C, and (d) 1000 �C. Elec-
tron micrographs
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Fig. 8(g). The temperature at which ferrite disappears is the Ac3

temperature, which is also plotted in Fig. 3(a). The predicted
Ac3 temperatures from these diffusion simulations are very
close to values measured from experimental measurements.

4. Conclusions

Induction hardening heat treatments were studied using
dilatometry on 5150 steel with ferrite-pearlite and tempered
martensite initial microstructures to assess effects of prior

microstructure and heating rate. The following conclusions can
be made:

• On-heating transformation temperatures are significantly
higher for a ferrite-pearlite initial microstructure than for a
tempered martensite prior microstructure. The difference
between the transformation temperatures increases with
heating rate.

• Measured maximum hardness is equivalent, independent
of starting microstructure, for a given thermal cycle.

• Metallographic evidence indicates significant remnant
enrichment of chromium in regions of prior pearlitic

Fig. 8 DICTRA� diffusion calculation results showing carbon, chromium and manganese distribution for (a-c) the pearlitic cementite dissolu-
tion in austenite (cementite on left) and (d-f) the subsequent proeutectoid ferrite-to-austenite transformation. (g) Ferrite fraction as a function of
time from DICTRA� calculations
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cementite in the ferrite-pearlite initial microstructure. Evi-
dence of alloy segregation was not observed metallograph-
ically for the prior tempered martensite microstructure.
Further work is necessary to understand the practical
implications of local alloy segregation.

• Diffusion-based transformation simulations of induction
heat treatment rates support observed ferrite-pearlite alloy
segregation, suggest residual alloy segregation is possible
for prior tempered martensite, and can be used to tailor
austenitization thermal cycles to process requirements.
Results are applicable to general induction heating modeling.
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